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Abstract
Mobile source emissions are a major contributor to global and local air pollution.
Governments and regulatory agencies have been increasing the stringency of regulations
in the transportation sector for the last ten years to help curb transportation sector air
pollution. The need for regulations has been emphasized by scientific research on the
impacts from ambient pollution, especially research on the effect of particulate matter on
human health. The particulate emissions from diesel vehicles, diesel particulate matter
(DPM) is considered a known or probable carcinogen in various countries and increased
exposure to DPM is linked to increased cardiovascular health problems in humans. The
toxicity of vehicle emissions and diesel particulate emissions in particular, in conjunction
with an increased awareness of potential petroleum fuel shortages, international conflict
over petroleum fuel sources and climate change science; have all contributed to the
increase of biodiesel use as an additive to or replacement for petroleum fuel. The goal of
this research is to develop a method to investigate how the increased use of biodiesel
could impact urban air quality. To determine if biodiesel use contributes to a health or
climate benefit, both the size range and general composition were investigated using a
comprehensive comparison of the particulate component of the emissions in real time.
The emissions from various biodiesel and diesel mixtures from a common diesel
passenger vehicle were measured with a cavity ring-down transmissometer (CRDT)
coupled with a condensation particle counter, a SMPS, a nephelometer, NOx, CO, CO2,
and O3 measurements. From this data, key emission factors for several biodiesel and
diesel fuel mixtures were developed. This approach reduces sampling artifacts and allows
i

for the determination of optical properties, particle number concentration, and size
distributions, along with several important gas phase species’ concentrations.

Findings indicate that for this particular testing set-up biodiesel additions to diesel fuel do
not necessarily have an air quality benefit for particulate emissions. The often cited linear
decrease in particulate emissions with increasing biodiesel content was not observed.
Mixtures with half diesel and half biodiesel tended to have the highest particulate
emissions in all size ranges. Mixtures with more than 50% biodiesel had slightly lower
calculated mass for light absorbing carbon, but this reduction in mass is most likely a
result of a shift in the size of the emission particles to a smaller size range, not a
reduction in the total number of particles. Evaluation of the extensive optical properties
indicates that a biodiesel addition to diesel fuel has an impact on emission particle
extinction in both visible and near-IR wavelengths. The B99 mixture had the smallest
emission factor for extinction at 532 nm and at 1064 nm. For the extinction at 532 nm,
the trend was not linear and the emission factor peaked at the B50 mixture. Results from
intensive properties indicate that emissions from B5 and B25 mixtures have Ångström
exponents close to 1, typical for black carbon emissions. The mixtures with a larger
fraction of biodiesel have Ångström exponent values closer to 2, indicating more
absorbing organic matter and/or smaller particle size in the emissions.
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1. Introduction
1.1 Overview
Aerosols have both natural and anthropogenic sources.1-13 Internal combustion engines
are considered one of the major anthropogenic global sources of atmospheric aerosol or
particulate matter (PM). Even though the magnitude and direction of the PM contribution
to radiative forcing is considered to be the most uncertain portion of the current climate
models.14, there is general acceptance that PM contributes to climate change, causes
visibility reduction, and can adversely affect human health.15-17

Government agencies have been increasing the mandatory controls on combustion
engines to reduce this potential environmental and public health impact.18, 19, 20 Many of
the new regulations have directly targeted the emissions of diesel vehicles. This is
because diesel vehicles emit about 50 percent more of the absorbing materials (as diesel
particulate matter, DPM) than gasoline vehicles. This increase in absorbing aerosol is
thought to result in increased localized heating and a reduction in the amount of sunlight
that reaches the Earth's surface. Additionally, DPM has been shown to induce systemic
inflammation in animals by imparting oxidative stress in susceptible cells which can
contribute to cardiopulmonary diseases and cause asthma symptoms.17 74, 77, 79 To
improve understanding of how combustion aerosol impacts climate, and to address
regulatory needs, additional research on vehicle particle emissions is warranted.
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Even with increased controls the use and popularity of diesel vehicles is on the rise.
Diesel engines are known to outlast gasoline vehicles and typically can travel more miles
on a gallon of fuel. In response to increased controls and lowered emission limits for
vehicles, the investigation and use of alternative fuels and additives for diesel vehicles
has increased. One of the most popular diesel alternatives, biodiesel, is thought to help
reduce PM and some gaseous emissions.21 A general trend of higher NOX and lower PM
mass concentration in emissions from diesel engines fueled with increasing biodiesel
ratio in mixtures is presented in the literature,90 but there are results that contradict these
findings.30-49 The differences between studies often depended on the sampling method
and instrumentation used, as well as the engine condition and type and the biofuel source.
A majority of these studies investigated heavy-duty engines using filter-based
measurement techniques to determine total aerosol mass.

In order to compare emissions from different fuels, experiments should be designed to
capture real-world variations in engine performance. Additionally, the instrumentation
used must be capable of measuring the key properties of the pollutants. Many gaseous
emissions can be completely characterized by their concentrations. Particulate matter, on
the other hand, should be described by a set of physical and chemical parameters. For
example, black or light absorbing carbon (BC or LAC), is typically associated with
warming and global dimming. Organic carbon (OC) and sulfate, aerosols that scatter
light, are associated with global radiative cooling. 26-29 Thus the chemical composition of
2

the particles is linked to their radiative effects. Along with composition, particle size also
plays a role in determining how a given particle can affect climate and health. Since the
diameter range for ambient aerosols spans over four orders of magnitude (nanometers to
micrometers), mass concentration and number concentration distributions can peak in
different size ranges. In order to assess particulate emission impacts on climate and
health, the composition, number and volume size distributions should be determined for a
comprehensive characterization.10, 23-25

With an increase in diesel engine use and regulations that encourage or require alternative
fuel sources in many areas, the effect of the changing emissions on an urban area must be
understood. A change in the size, number, or composition of PM in the emissions from
diesel vehicles may impact air quality on both a local and regional scale.12, 50-53 Changes
in the emissions from biodiesel use should be incorporated into a regulatory air quality
model to confirm that the local and regional impact is the desired outcome.

To determine the biodiesel impact on PM emissions, a new approach to emission testing
was utilized to investigate how biodiesel fuel mixture use in on-road passenger diesel
vehicles would affect PM emissions. This approach to sampling vehicle emissions allows
for a comprehensive comparison of the particulate component of the emissions in real
time. A cavity ring-down transmissometer (CRDT) coupled with a condensation particle
counter, a scanning mobility particle sizer (SMPS), a nephelometer, NOx, CO, CO2, and
3

O3 measurements provide data needed to determine emission factors for all fuel mixtures
tested. This approach reduces sampling artifacts and allows for the determination of
optical properties, particle number concentration, and size distributions, along with
several important gas phase species’ concentrations. Results can be extrapolated to
predict the regional or global scale changes that any change in emissions would cause.

All fuel samples for emission testing were mixed from commercially available stock
diesel (B5) and biodiesel (B99) donated by Star Oilco and SeQuential Biofuels. Using
stock fuel sources during emission testing removes uncertainties caused by using
different fuel brands or fuel processing methods or improperly labeled station fuel.
Emissions were sampled using one vehicle under simulated real-world conditions. Every
fuel mixture was subjected to a minimum of 18 trials, resulting in at least 3.5 hours of
emission data from each mixture investigated. This allows for an understanding of the
mean vehicle performance for each fuel mixture. Emitted particles were also collected on
filters and analyzed for a qualitative determination of particle morphology (shape and
size) using scanning electron microscope (SEM) analysis. Filter samples were also
collected for use in associated quantitative lab studies investigating the oxidative
properties of biodiesel PM emissions.

Results indicate that there is a difference in emissions depending on fuel type. SEM
analysis shows that for mixtures with high biodiesel content, particles tend to be smaller
4

and more fractal-like. Half and half mixtures of biodiesel and petroleum diesel have the
greatest particle number concentration, largest LAC emission factors and the highest
NOX emissions, indicating that the relationship between biodiesel and diesel emissions is
complex and should not be described by the near linear relationship currently found in
literature.

1.2 Aerosols
Atmospheric aerosols are defined as solid or liquid particles suspended in air. Since the
sources of aerosols can be either biogenic or anthropogenic, their composition and size
vary. Despite the many natural processes that produce aerosols, human activities are
responsible for generating much of the aerosol load in today’s atmosphere56. Biomass and
fossil fuel burning, agriculture activities, and industrial pollution all produce primary
aerosol particles, those that are directly injected into the atmosphere10, 57. Precursor gases
from these sources can also condense and form secondary aerosols 6, 14, 25, 58. The size and
composition of the aerosol and the meteorological conditions govern the atmospheric
lifetime and the deposition pathways.11, 54, 57, 59 Figure 1 outlines atmospheric aerosol
lifecycle from origin to deposition.

5

Figure 1: Atmospheric lifecycle of aerosols from formation to deposition. Coarse
aerosols are typically found in the region of the source, while secondary and ultra fine
aerosol are transported by winds, sometimes up to 5000 Km from the source. Modified
figure based on Lapuerta, et al. 147

1.3 Atmospheric Aerosol Size Distributions
The size of a particle is typically expressed in terms of the diameter of a volumeequivalent sphere. There are several typical size ranges for atmospheric aerosol.
Regulatory definitions group all particles with a diameter under 2.5μm into the fine
particle category and all particles between 2.5 and 10μm into the coarse category. The
fine category is often sub-divided into three additional modes, the Aitken, the nucleation
6

and the accumulation modes. Nucleation mode particles are the smallest particles with
diameters under 0.01μm. They are created by gas molecules condensing in the
atmosphere to form secondary particles.25 Accumulation mode particles are generally
formed by coagulation of smaller particles and condensation of gas onto existing
particles.

Volume and number size distributions of atmospheric aerosols are shown in Figure 2. To
obtain the number size distribution, the number concentration for a given size range has
been divided by the log of the corresponding size range and is plotted versus particle size
on a logarithmic scale. For surface or volume distributions, all particles are treated as
spheres to reduce complexity. The diameter of a particle can then be squared and
multiplied by pi to obtain the surface area of a particle. Multiplying the surface area
function by the number distribution gives the aerosol surface area distribution. The
volume distribution is calculated by multiplying the surface area distribution function by
the diameter divided by six.

7

Figure 2: Volume and Number Size Distributions for Typical Ambient Aerosol.
The Number concentration (particles per cm3 of air) in the size range logDp to
logDp+dlogDp is the area under the curve (the integral of the distribution function).
Similarly, the volume distribution is the volume of particles per cm3 of air having
diameters in the range log Dp to log Dp+dlogDp.

8

1.4 Optical Properties of Aerosols
The sum of the scattering and absorption of electromagnetic radiation is called extinction.
The extinction of light passing through an aerosol is determined by the chemical make-up
and the size, structure and shape of the matter and the wavelength of the radiation. The
extinction of visible light can result in altered appearance of distant objects. This
reduction in visual range can be determined from the extinction coefficient, bext. The
extinction coefficient is defined by the Beer-Lambert law as shown in Equation 1. This
equation represents the decrease in intensity as light moves through the atmosphere,
where I and I0 are the intensities after and before the light travels a distance d through a
scattering and absorbing medium. The units for extinction are inverse distance, indicating
that as extinction increases, visibility degrades.

I = I0 exp (-bext d)

(1)

The scattering of light by particles is conceptually divided into two regimes, Rayleigh
and Mie (although Mie theory includes the Rayleigh regime as a special case). Rayleigh
scattering is observed when the particles are much smaller than the wavelength of the
light. This type of scattering is most common in gases, but can occur for particles that are
smaller than ten percent of the incident wavelength as well. The probability of Rayleigh
scattering per incident photon is dependent on the size of the particle and the wavelength
of light (proportional to λ-4) but is independent of scattering direction. Thus Rayleigh
scattering is relatively isotropic, grows with particle size and is most efficient at smaller
9

wavelengths, with blue light (λ~450 nm) 4.4 times more efficiently scattered than red
light (λ~650 nm). Rayleigh scattering by gasses (bRg) is one component of extinction as
shown in Equation 2.

bext = bRg + bag + bscat + bap

(2)

The sum of Rayleigh scattering, absorption by gases (bag), and scattering and absorption
by particles (bscat and bap) results in the extinction coefficient. When the aerosol particle
diameters are closer to the wavelength of light (expressed as the size parameter X =
dp/lambda 1) Mie scattering dominates. For these larger aerosol particles, scattering in
the direction of the incident radiation (forward scattering) is favored. The scattering
cross section, also defined via the Beer-Lambert law on a per particle basis, may be
slightly larger or smaller than the geometric cross section (the physical size) of the
particle but still grows with particle size. Mie scattering is not as strongly wavelength
dependent as Rayleigh, and physically manifests as a bright white ring around the sun, or
the whitish color of clouds or smog. The scattering cross-section, σscat, can be calculated
using Mie theory; the solutions to Maxwell’s equations that describe the scattering of
electromagnetic radiation by spherical particles. Mie theory is typically used to predict
the scattering efficiency parameter, Qs, which is the scattering cross-section divided by
the geometric cross-section, As, for particles with specified size and refractive index. The
scattering coefficient for a sample containing many scattering particles is calculated by
10

multiplying the scattering cross-section(s) by the volume density, summed over all
particle sizes.

In the ambient atmosphere, absorption usually comprises a small fraction of the total
extinction by the aerosol. Even though the absorption by aerosols is small relative to
extinction, absorption can have a large effect on regional and global climate. Light
absorption by aerosols heats the local atmosphere because absorbed energy is reradiated
as long wave radiation or non-radiatively coupled to the air that the particles are
suspended in. Interactions with gases or aerosols that are able to absorb the long wave
radiation will result in a warming of the atmosphere that can result in additional long
wave radiation reaching the surface 54.

The aerosol extinction, scattering and absorption coefficients are extensive properties
because they depend on the particle concentration. These measurements can be used to
determine the single scattering albedo ω0 which is an expression of the probability that a
photon encountering the aerosol will be scattered vs. absorbed. The intensive property ω0
is described in Equation 3.

ω0=bsp/(bsp + bap)

(3)
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which is unitless and independent of aerosol concentration. The Ångström exponent Å is
another intensive aerosol optical property that is a measure of the wavelength dependence
of the extinction (or scattering or absorption) coefficient. Since the Ångström exponent
for scattering (and usually extinction) is inversely related to particle size, it can provide
information on the size and possibly composition of atmospheric particles. One
commonly used expression is shown in Equation 4.

Ǻ = -log(bext λ1/ bext λ2) / log(λ1/ λ2)

(4)

Ångström exponents for extinction give an indication of the dominant size of aerosol
measured: for example when the exponent calculated for aerosol extinction measured at
wavelengths 532 nm and 1640 nm is greater than 2, particles smaller than 100 nm are
probably dominating the extinction, while an Ǻ smaller than 1 implies that extinction is
dominated by particles larger than 500nm. When evaluated together, the extensive and
intensive aerosol optical properties can be used to provide a robust characterization of
ambient aerosol that can be used to determine the probable human health and climate
impact of the aerosol.

1.5 Aerosol Measurement Techniques
Current particulate air quality regulations and diesel PM regulations from the US
Environmental Protection Agency (EPA) and in the EU are based on the mass (μg) of
12

particles in a given volume of air (m3) and measurements are typically made with a
gravimetric or other filter method. An important limitation to the particle mass standard
is that ambient aerosol mass concentrations, especially in urban areas, are heavily biased
towards larger particles as seen in Figure 2. Mass concentration is largest in the
accumulation mode (with diameters between 0.1 and 2.5 μm) and number concentration
is largest in the UFP mode (with diameters under 0.1 μm.)112 Since smaller particles have
a better correlation with negative health effects than larger particles, knowledge of
particle number concentrations might be a more effective regulatory standard than
particle mass. 69, 72, 73, 75, 80, 87,113

1.5.1 Filter Measurements
The most common aerosol measurement techniques for regulatory purposes are filterbased mass measurements: the collection of ambient particles onto a pre-massed filter
followed by a mass determination at controlled temperature and relative humidity.
Aerosol is pulled through the filter using a calibrated constant flow pump. For accurate
mass measurements, long sampling times are required, often 8-24 hours. The collection
apparatus may have a single size cut impactor, to prevent unwanted large particles from
obscuring the measurements and to define the PM 2.5 particle size distinction; or multiple
impactors and filter stages in a cascade setup for measurement of mass size distributions.
The micro-orifice uniform deposit impactor (MOUDI) is a popular method for cascade
measurements. Filter-based mass measurements are time consuming and labor intensive
13

because the filters must be manually massed pre- and post-sampling and real-time
emissions cannot be measured. There are also concerns that the particles could lose or
adsorb volatile components (causing either positive or negative biases) during their
sampling and storage on the filter.

The tapered element oscillating microbalance (TEOM) is a measurement technique that
can be used to measure real-time particle mass concentrations. The TEOM draws the
aerosol through a filter at a constant flow rate. The filter is attached to a tapered
oscillating glass rod which allows for the measurement of the accumulation of mass on
the filter.109 To eliminate the influence of water vapor, the inlet of the TEOM is
maintained at 50 °C. This may cause the evaporation of volatile or semi-volatile
compounds, producing a negative bias in the measurement of organic aerosols.

The aethalometer and the particle/soot absorption photometer (PSAP) are filter based
optical measurements that provide aerosol absorption coefficient data. In the
aethalometer instrument, a filter is illuminated by a light source. When the filter contains
light-absorbing particles the transmitted light decreases. The time derivative of the signal
of the photosensor is proportional to the absorption coefficient of the aerosol passing
through the filter at a given time115. The PSAP works in a similar manner. 116, 117 These
techniques have large uncertainties if mass is derived, due to the time variations in the
conversion parameter, the mass absorption coefficient (MAC).101 The influence of
14

scattering particles co-collected with the absorbing aerosol on the absorption measured is
variable and incompletely characterized, despite years of study.97

Previous studies have been completed on gasoline, diesel, and biodiesel particulate
emissions with impactor and filter techniques. 42, 47, 48, 113, 114 Analysis of the particles
collected on filters can be useful for determining metals, organic species, and total and
speciated mass; however real time information on rapid changes in optical properties or
particle number concentration have not been measured with these techniques. As noted
above, all filter measurements can be affected by a variety of artifacts including
adsorption of vapor onto the filter, volatilization of semi-volatile compounds from
filtered particles, and an array of chemical reactions between filtered particles, the gas,
and filter substrate121-123 Another drawback for filter measurements is that they are all
time and labor intensive. For this study filter samples were collected for SEM analysis
and laboratory studies investigating the oxidative properties of the emissions.

1.5.2 Particle Sizing and Counting Instruments
a. Condensation Particle Counters: This instrument works by drawing an aerosol sample
continuously through a chamber containing vaporized alcohol or water. The aerosol
sample and alcohol vapor mix and then pass into a condenser which causes the alcohol
vapor to condense on the particles. Particles grow and then are counted by an optical
detector.124 Particle counters do not provide size information, and are commonly used in
15

conjunction with other aerosol measurements. A CPC was used to provide time-resolved
number concentrations in this investigation.

b. Scanning Electrical Mobility Spectrometers: Size distribution measurements of
aerosols can be made using commercially available instruments, including scanning
electrical mobility spectrometers (SEMS).125 Two common instruments for this type of
measurement are the electrical low pressure impactor (ELPI) and the scanning mobility
particle sizer (SMPS). The differences between the two methods are the selection method
for particle size and the particle detection. The ELPI separates particles using low
pressure inertial impaction and detects the previously charged particles using sensitive
electrometers. The SMPS creates a situation where charged particles with a selected
electrical mobility can pass through a differential mobility analyzer120 (DMA) and a
condensation particle counter (CPC) is used to measure the concentration of the sizeclassified particles.119-121 Despite these differences, these methods generally agree on the
number concentrations and size distributions in emission studies when a uniform particle
density was assumed. These instruments are simple to operate and have moderate time
resolution (between 30 and 90 seconds per scan)118.

The major problems associated with these instruments are that they are expensive and
often improperly characterize non-spherical particles, like diesel PM which are in the
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form of fractal aggregates,128 The assumption of uniform particle density can also result
in large uncertainties in mass measurement.129.130

An SMPS will be used for both in-lab validation studies that are conducted on particles
with known diameters or composition or both and as a complement to the DPM studies.
Size distribution measurement or control facilitated instrument validation allowing
comparisons between CRDT measurements and Mie theory. For the DPM studies the
SMPS was used to determine size distributions of the ambient aerosol and the exhaust
emissions for each fuel type measured.

1.5.3 Particulate Composition Measurement
Detailed information on the individual particle types emitted by diesel engines can be
gathered using single particle mass spectrometry techniques or aerosol mass spectrometry
(AMS). AMS is a technique that allows for the on-line characterization of aerosol
particles.131 The AMS focuses aerosol particles in select size ranges onto a hot surface
(~600 °C) using an aerodynamic lens assembly and a beam chopper. The non-refractory
particle components are flash-evaporated on the hot surface and the resulting gas-phase
compounds are ionized by an electron ionizer and filtered by mass to charge ratio via a
quadrupole mass analyzer.132 The chopper makes it possible to collect mass spectra as a
function of particle flight time, and thus aerodynamic diameter. Some instruments are
capable of providing time averages of mass concentrations of the non-refractory aerosol
17

components as well as species-resolved size distributions. AMS measurements benefit
from a complementary aerosol measurement for refractory particles like BC aerosol, dust
and sea salt (depending on the flash surface temperature).

Since the AMS does not measure BC, the species of interest in this study, it is not an
ideal technique for diesel emission studies. However measurements from an Aerodyne QAMS, operated as described by Ziemba, et al. 133 have been previously compared with
CRDT responses to the same ambient aerosol and are described in Wright et al.152 Even
though the Q-AMS is insensitive to refractory components, the mass concentrations for
several of the aerosol components measured agree with values calculated from CRDT
measurements. When these compounds dominate the ambient aerosol mass
concentration, comparisons were possible.

1.5.4 Non-Filter Optical Methods
Filter measurements, particle size instruments and the AMS all have limitations, artifacts
and speed constraints. None of these methods alone provides a comprehensive
measurement of DPM. Measurements of aerosol optical properties can provide
information on the ambient aerosol size distribution and on aerosol scattering and
absorption. Optical properties of aerosols have most often been determined by measuring
bscat with a nephelometer and babs using a filter based technique like the previously
described aethalometer or particle/soot absorption photometer (PSAP). To avoid filter
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artifacts, it is desirable to make optical property measurements of the aerosol while it is
suspended. Two methods exist to sample the aerosol in this way, CRDT and
photoacoustic spectroscopy (PAS).

a. Photoacoustic Aerosol Spectroscopy (PAS): The PAS method measures the acoustic
signal (sound) from an absorbing aerosol sample that is excited by a power modulated
laser beam inside a resonant acoustic cavity. The aerosol absorbs the laser and heats up,
then releases the heat to the surrounding gas. The modulated heating causes a pressure
wave that is detected as sound by sensitive microphones. The amplitude of the sound is
proportional to the quantity of light absorbed. The acoustic signal is also influenced by
relaxation processes in the particles; so the precision and sensitivity depend on
maintaining a specific laser modulation frequency and the method generally requires
calibration. Due to the expense of the instrument and the need for calibration, PAS was
not used in the experiments described here. Instead, the absorption coefficient was
measured via the CRDT/N difference method described below.

b. Cavity Ring-Down (CRD) Spectroscopy: Cavity Ring-Down spectroscopy measures
aerosol bext directly. Using a cavity ring-down transmissometer/nephelometer (CRDT/N)
combination, the bext is measured at 532 (±0.1) nm, the bscat is measured at 530 (±10) nm,
and babs is obtained by difference. The single scattering albedo ω0, can be calculated by
taking the ratio bscat/bext. The CRDT/N used in these studies also measures particle
19

extinction at 1064 nm. With bext at two wavelengths (532 nm and 1064 nm) the Ångström
exponent can be calculated and used to estimate the average size of the aerosol. 134

c. Measurement of Aerosol Scattering Coefficient: Scattering coefficients bscat can be
measured with a nephelometer. In this method, aerosol flows through a chamber between
a light source and a light detector that is not in the direct path of the source beam. The
light that is deflected to the detector by the particles is a function of the bulk scattering
from the particles. The scattering coefficient measurement by the nephelometer depends
strongly on the angular range into which the scattered light is collected and in general it
also varies with the refractive index of the particulate material. 51 10, 135 Typically the
maximum scattering for particles occurs when the particle diameter is comparable in size
to the wavelength of the radiation. When particles that have the same mass but are three
times larger or smaller than the wavelength of light are measured in a nephelometer, the
light-scattering is an order of magnitude less. One problem with the measurement of the
scattering coefficient in this way is that larger particles have an increasing tendency to
scatter light preferentially in the forward direction, along the initial beam direction. This
light is not detected unless the detector is very near the original beam direction, which is
not true in most nephelometer designs. The resulting low measurement bias for larger
particles is referred to as the “truncation angle” problem.
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Despite the truncation angle problems, light scattering measurements can be used to
estimate particle mass concentration when the appropriate mass scattering coefficient is
known for the measured aerosol. Additionally nephelometers can be equipped with sizeselective inlets so only particles in the size range of interest are measured. For this
experiment the scattering coefficient at 530 nm for the DPM was measured using a
Radiance Research nephelometer (Radiance Research Co., M903-530, Seattle, WA.) The
low bias has not been well-quantified for the Radiance Research nephelometer but it is
known to be larger than the bias of the more commonly used TSI model 3563 Integrating
Nephelometer. For the DPM studies, the particles of interest were small enough that
correction for the truncation bias was not necessary.

1.5.6 Cavity Ring-Down Measurement of Aerosol Extinction Coefficient
The cavity-ring down technique has previously been described in detail.136-140 The use of
a custom-built CRDT instrument for atmospheric aerosol measurement is discussed by
Smith and Atkinson, 2001, so only a brief description of the CRDT will be given here.
The CRD technique uses two highly reflective mirrors (>99%) to create an optical cavity
in which light can be trapped. The light is usually delivered to the cavity from a pulsed
laser. Light leakage through one of the mirrors, sometimes aided by resonance effects, is
used to determine the decay rate, as seen in the conceptual diagram of the CRDT given in
Figure 3.
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Figure 3: Conceptual diagram of a cavity ring-down experiment.138

The cavity loss is determined by measuring the decay rate of the trapped light as it leaks
from the cavity. The light intensity decays exponentially in time because of constant
small losses through the mirrors and in the cavity. The light intensity that is transmitted to
a detector outside of the cavity can be described by Equation 5.

I = Io e-βt

(5)

where I and I0 are the intensity at time t and at the beginning of the decay, respectively,
and β is the exponential decay constant with inverse time (i.e., s-1) units.
Particle scattering and absorption reduces the time that light is in the cavity (increases β).
To extract the extinction due to particles, the decay rate of light as it passes through a
sample is compared to the decay rate through filtered air. The difference is the fractional
losses that are due only to the particles and can be related to the extinction coefficient by
changing from time to distance units. Equation 6 shows how this is calculated.

22

bext = [(βaerosol – βclean ) / (c x (Laerosol/ Lcavity))] x 106

(6)

Where βaerosol and βclean are the decay constants for the ambient and filtered samples and c
is the speed of light (the conversion from time to distance for light). The length factor
Laerosol/ Lcavity is usually needed because the aerosol is not allowed to come into contact
with the mirrors to avoid reflectivity degradation, so the distance that the beam travels in
the cavity is greater than the length that it travels through the aerosol. For slightly
absorbing aerosols the difference between the extinction coefficient and the scattering
coefficient is small, so it is important that both parameters be measured with a high
degree of accuracy.

Bulk light scattering, absorption, and extinction coefficient measurements can be used to
estimate particle mass concentration. The relationship between light extinction and
particle mass is empirical and extinction methods are most appropriate for real world and
in-lab measurements when the size-distribution and refractive index of the aerosol does
not change during the sampling time.

1.6 Regulations
Since ambient aerosols are linked to human health effects, the National Ambient Air
Quality Standards (NAAQS) include PM in the primary standards, the Clean Air Act
regulations intended to protect public health. The current standard for PM2.5 states that the
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24-hour concentrations averaged over 3 years must not exceed 35 μg/m3 and the annual
mean averaged over 3 years must not exceed 15 μg/m3 for community-oriented monitors.
Several of the current NAAQS standards are given in Table 1.

Table 1: National Ambient Air Quality Standards for selected pollutants.
Pollutant
Level
Averaging Time
9 ppm (10 mg/m3)
8-hour
Carbon Monoxide
3
35 ppm (40 mg/m )
1-hour
3
Nitrogen Dioxide
0.053 ppm (100 µg/m )
Annual (Arithmetic Mean)
0.1 ppm (188 µg/m3)
1-hour
Particulate Matter
150 µg/m3
24-hour
(PM10)
Particulate Matter
15.0 µg/m3
Annual (Arithmetic Mean)
(PM2.5)
35 µg/m3
24-hour
Ozone
0.075 ppm (2008 std)
8-hour
0.08 ppm (1997 std)
8-hour
1-hour (Applies only in limited
0.12 ppm
areas)

PM is regulated by mass concentration which is measured at outdoor monitoring sites
that are a proxy for population exposure. Several US EPA sponsored studies have found
that when data are analyzed over time, personal exposure and outdoor ambient
measurements are correlated to various degrees.76 The difference between individual
exposure and measured ambient levels or ‘exposure error’ is linked to spatio-temporal
variability, variations in personal habits both between individuals and seasons, and the
effect of gaseous co-pollutants on mortality or sickness.77 Despite the significant and
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varying levels of ‘exposure error’, especially for PM2.5 ambient PM concentrations are
used as predictors of personal exposure.68,78

When particle number concentration is considered instead of particle mass, the nucleation
size range contains the majority of ambient particles, while particle surface area
distributions maximize in the accumulation mode.74 Because the EPA regulations and
monitoring methods primarily focus on mass concentrations, the daily averages tend to
show little variation between urban centers and rural upwind locations.79 However when
other measurement techniques are used, such as those that focus on light absorbing
carbon (LAC) content or particle number, the spatial distribution changes dramatically as
the distance from a source increases.79, 92 Results from Zhu, 2002 summarized in Figure 3
show that particle number, carbon monoxide and LAC concentrations have similar trends
while fine PM mass measurements are less affected by highways.77
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Figure 4: Relative Pollutant Concentration vs. Distance from freeway. The particle
number and gas pollutants have a greater dependence on distance from the freeway. The
mass concentration only has a slight peak near the freeway.77

In order to respond to emerging research that highlights the negative effects of mobile
emissions, policy makers have proposed and implemented more stringent emission
control rules and regulations for on-road vehicles, especially diesel vehicles.18-20, 104-107
For example, the US EPA 2007 emissions standard reduces the diesel PM mass emission
from heavy-duty engines tenfold from the old 0.1 g bhp−1 h−1 PM limit to
0.01 g bhp−1 h−1. Stricter NAAQS have also been adopted to help control vehicle
pollution, including the addition of short term SO2 and NO2 standards.
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1.7 Mobile Sources
Currently the transportation sector is one of the largest contributors to air pollution and in
urban areas vehicle emissions are estimated to account for two-thirds of the total
anthropogenic emissions.7 In the U.S. only about 5% of on-road vehicles are dieselfueled but they account for between 10 and 40% of ambient pollutants including NOx,
CO and PM. More than 20 percent of fine and ultrafine PM originates from mobile
sources and this number is thought to be higher in urban areas or near major
highways.77,93,94

Mobile sources consist of on-road gasoline (light duty vehicles and trucks), on-road
diesel (mostly heavy-duty diesel with a growing number of light duty diesel passenger
cars) as well as non-road gasoline (lawn/garden, recreational marine) and non-road diesel
(construction and farm equipment, trains, boats) vehicles. Mobile sources are also
responsible for a major portion of anthropogenic BC emissions with diesel vehicles
emitting about 50 percent more black carbon than gasoline engines.95 Additionally, diesel
vehicles are the main source of ultrafine emission particles near roadways since diesel
engines produce the highest number concentrations of particles, particularly in traffic
areas where driving cycles are disrupted by vehicles that are starting, stopping or
idling.78,79
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1.7.1 Diesel Vehicles
The diesel engine combustion cycle has three main steps: air is compressed to a high
pressure and temperature in the cylinder; fuel is atomized and sprayed into the
compressed air where it vaporizes and mixes with the air, undergoing a series of chemical
reactions that lead to ignition; once the fuel ignites, the pressure rises rapidly and the rate
of mixing between the injected fuel and compressed air in the chamber controls the rate
of further combustion. As the piston moves to release the high pressure, the expansion
cools the in-cylinder mixture and reaction rates slow. This can result in chemical products
that are out of thermodynamic equilibrium with the reagents. The timing of the
combustion process can thus have an impact on the emissions.90, 91

Extensive work has been done to maximize the efficiency of diesel engines, and to
improve diesel fuel, including designing additives that improve performance.80 In
principle, when a hydrocarbon fuel burns, the oxygen in the air combines with the
hydrogen to form water and with the carbon to form carbon dioxide. A balanced chemical
equation for the complete combustion of the ‘average’ diesel hydrocarbon is given in
Reaction 1.

4 C12H23 (l) + 71 O2 (g) --> 48 CO2 (g) + 46 H2O (g)
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(R1)

No engine operates under perfect stoichiometric conditions, so the complete combustion
of diesel fuel does not occur for every molecule in the fuel in a compression ignition
engine. In an apparent reversal of the combustion process, fractal-like agglomerates of
solid carbon nanoparticles are formed, especially when there is incomplete combustion
caused by a low air to fuel ratio in engine ‘hot spots’.97 These incomplete combustion
products in diesel emissions are termed diesel exhaust particles or diesel particulate
matter (DPM). The composition of DPM are normally aggregates of refractory
carbonaceous cores coated with hundreds of adsorbed volatile/semi-volatile organic
species.23 These aggregates have mobility diameters in the ultrafine range (<0.15 μm),
and may be classified as ‘elemental’ (EC) or ‘black’ carbon (BC), depending on whether
the chemical or optical properties are measured.34, 98-101

In order to reduce DPM and gaseous emission levels, several strategies have been
proposed and implemented to help meet the new standards. Mandates on engine design
and control technologies are being considered for both heavy-duty trucks and diesel
passenger vehicles.100, 101 Because diesel vehicles tend to have a long lifetime, aftermarket exhaust filters are also being encouraged by tax subsidies. Some of these
emission-control devices (such as diesel particulate filters, DPF) have been demonstrated
to be highly efficient in removing larger (>100 nm) DPM.39, 102

29

Another approach to cleaning up diesel emissions is the treatment and processing of
diesel fuel, which can eliminate compounds in the fuel (chiefly sulfur and aromatic
hydrocarbons) that increase PM emissions.97 Lower sulfur fuels have been shown to have
lowered emissions of PM mass and compounds that contribute to acid rain. In addition to
processing, fuel additives may also help to reduce emissions.109 For example, organic
nitrate additives may be able to increase a fuel’s cetane number (CN, a measure of the
ignition delay of a fuel). A higher CN has been linked to a shorter delay between fuel
injection and ignition.97, 109 This decreased delay may result in higher combustion
efficiency and lower NOx and PM emissions.

1.7.2 Diesel and Biodiesel
Diesel and biodiesel are general terms that refer to different classes of fuel. Diesel fuel
encompasses a family of hydrocarbon fuels that are used to power compression injection
or diesel engines. Petroleum diesel is typically obtained from crude oil that has
undergone fractional distillation, which separates crude oil by hydrocarbon chain length
using boiling point. The resulting diesel fuel is not a single compound, but rather a
mixture of hydrocarbons that can range between C10H20 and C15H28. Diesel fuel available
from a service station typically has undergone several purification filter steps after
fractional distillation and the resulting fuel is a proprietary mixture of hydrocarbons and
other additives like antioxidants intended to enhance storage capabilities and fuel
performance.
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Biodiesel is an oxygenated fuel made from vegetable oils or animal fats by conversion of
triglyceride fats to esters via a transesterification reaction. Methanol is typically the
alcohol used, but other alcohols could be substituted. When methanol is used, the
products of the reaction are three methyl esters and glycerol. A skeletal diagram of the
reaction is given in Figure 5, where R is a carbon chain, typically a 6 to 10 carbon alkane.
The catalyst is usually a strong base (NaOH or KOH) when biodiesel is produced in
industrial settings.111

Figure 5: A skeletal diagram of the transesterification reaction used in the
production of biodiesel.

Biodiesel is the first renewable diesel fuel alternative that is a commercially accepted part
of the energy infrastructure in the United States and many countries in Europe and
Asia.21, 96 In the US, a 300% increase in domestic biodiesel production from 2004 to 2005
was recorded.104 Since biodiesel can form blends with petroleum-derived diesel in any
ratio, and for blends up to 20 percent biodiesel (B20) no change in the storage or
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dispensing hardware that handles petroleum diesel fuel are required, it has been a popular
choice as an additive.96 Biodiesel proponents also promote it as a promising alternative
to fossil fuels.21, 96 Pure biodiesel (B100) only requires minor changes in some materials
used for seals and transport hoses where it can act as an oxidant to rubber compounds.81

The main difference between diesel and biodiesel is the chemical “backbone” of the fuel:
a long chain hydrocarbon for petroleum diesel vs. methyl esters for biodiesel. The
hydrocarbon chains (R groups in Figure 5) attached to the ester vary in length and
saturation depending on the triglyceride used in the initial reaction.

The difference in the chemical properties of diesel and biodiesel affect the way these
fuels work in a CI engine, which relies on compression of ambient air in the combustion
cylinder to raise the pressure and air temperature so that when fuel is injected, the
resulting air-fuel mixture will auto-ignite. The timing of fuel injection in pump-linenozzle (PLN) injection systems, the most common system in vehicular diesel engines, is
related to fuel pressure. Once fuel is injected, the length of time between injection and
auto-ignition depends on how easily an injected fuel oxidizes, the temperature of the air,
the size of injected fuel droplets, and the extent of air-fuel mixing. The efficiency of
continued combustion once auto-ignition has commenced is related to the rate and extent
that the injected fuel mixes with the hot compressed air in the cylinder.
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Biodiesel is significantly more viscous than diesel and has a higher bulk modulus. This
means that without engine adjustment or modification, biodiesel meets the pressure
requirements sooner and is injected earlier in a PLN system. An earlier injection means
that combustion begins earlier, causing the burning mixture to have a longer residence
time in the combustion chamber. Additionally, biodiesel does not spray as evenly as
petroleum diesel due to the higher viscosity, so more fuel rich pockets are expected with
biodiesel. Biodiesel is oxygenated, which can reduce the length of time the burning fuel
is in the combustion chamber before combustion. The cumulative effect of all of these
differences on emissions can be difficult to predict because each phase can be associated
with an increase or decrease of emissions depending on vehicle settings, maintenance,
specific fuel structure, and engine design.

Biodiesel may be less polluting than petroleum diesel because it contains very little sulfur
and virtually no aromatics, and the increased oxygen content is thought to create an
environment where the fuel can burn more completely in an engine. A more complete
burn should result in a smaller amount of carbon monoxide, soot, and unburned
hydrocarbons being emitted.96 However current scientific research reports have many
conflicting findings regarding the decreases, if any, that mixtures of diesel and biodiesel,
or pure biodiesel have on vehicle emissions. 30-49
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1.7.3 Current Literature on Biodiesel Emissions
Determining the emissions properties from biodiesel-fueled vehicles can help to
determine if it is a viable option for reducing airborne pollution. Many of the studies
reported in the scientific and transportation literature focus on regulated pollutants (NOX,
PM, CO and HC) and compare emissions between diesel and biodiesel by reducing
results to a percent change between the different fuels. One of the most cited literature
reviews, completed in 2001 by the US EPA, used the results of 39 different studies on
biodiesel emissions to present correlations between the percent biodiesel used in fuel and
the change in emissions of NOX, PM, HC and CO.102 In this review the authors attempted
to account for such factors as test cycle, base fuel properties, biodiesel source effects, and
engine technology. Over 40 other studies were excluded because their experimental
design did not meet the specific criteria used. The general trend observed for each of the
criteria pollutants was reported in the form given in Equation 7.

% change in emissions = {exp[a × (vol% biodiesel)] - 1} × 100%

(7)

which resulted in nearly linear fits for all pollutants. The value of a for each pollutant was
determined by the least squares method (Table 2). The plots showed significant scatter
which was used to determine the goodness of fit. The scatter was especially pronounced
for B20 and B100, but for the middle mixtures from B30 to B80 there were substantially
fewer data points. Only 18% of the data analyzed came from fuel mixtures in this range.
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In contrast, 35% of the data were from B20 fuel, 33% were from B100 and the remaining
14% of the mixtures tested were below B20. Based on the amount of scatter present for
B20 and B100, additional measurements from the middle mixtures are needed to evaluate
the dependence more completely.

Table 2: Reported emission change coefficient (a) values from the 2001 US EPA
literature review on biodiesel emissions. Positive values predict an increase of
emissions with biodiesel content.
Pollutant
Coefficient a
NOx
0.0009794
PM
-0.006384
HC
-0.011195
CO
-0.006561
CO2
0.0000177

This review included both heavy duty and light duty vehicles, but states that the amount
of data available on light-duty vehicles was insufficient to group all engine types
together. The authors caution that these relationships between emissions and biodiesel
content should only be used for heavy-duty vehicles unless strong evidence for their
universality is obtained. Despite this caution, the reductions in PM presented in the EPA
study are cited by cities and states as evidence for promoting the use of passenger diesel
vehicles fueled with biodiesel. For example, the city of Portland, OR passed a law in
2006 that all stations that sell diesel fuel must offer only B5 biodiesel or above, and that
B50 or B99 be used in city owned vehicles, including light-duty cars and trucks. West
Virginia, Montana, and Missouri are among the states that offer incentives for buying
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biodiesel. While the reasons given vary, reductions in emissions are always mentioned as
one of the benefits of increasing biodiesel use.

A survey of the more recent literature yields a number of studies that investigated
particulate matter emissions from diesel vehicles fueled with biodiesel and biodiesel
mixes. Results from a number of these studies are summarized in Figure 6. When the
percent change in emissions was given, the value reported was used for comparison. If
only emission factors or concentrations were reported, the percent change in emissions
was calculated using Equation 8.

% change = [Emissionsbiodiesel – Emissionsdiesel]/Emissionsdiesel *100

(8)

The general trend reported in the 2001 EPA literature review is present when all emission
tests are presented together, but when data are separated by type of reference fuel (ultra
low sulfur diesel ULSD or low sulfur diesel LSD) two distinct trends emerge. Several of
the studies did not specify the sulfur content in the reference fuel so they were not
included. The data shown in Figure 6 includes both heavy-duty and light-duty vehicles.
Once again, a determination of a trend of light-duty vehicles is difficult because there
were only four studies that present data for that vehicle class.
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Figure 6: Summary of recent emission studies from biodiesel fueled vehicles and
comparison to the 2001 US EPA emission trend. The current data agrees with the EPA
trend, but also indicates that the type of reference fuel has an impact on the amount of
change observed.

The knowledge gap for light-duty vehicles is significant when determining the impact of
biodiesel on emissions because the use of diesel passenger vehicles is increasing in the
US. Historically, the cost of diesel fuel kept diesel passenger cars to only a small share of
the market, but higher gasoline prices and better fuel efficiency in diesel vehicles may
cause this trend to shift. The choice of a diesel vehicle over a gasoline vehicle may have a
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significant impact on air quality even if biodiesel or mixtures are used, because diesel
vehicles have higher NOx and PM emissions than gasoline vehicles. Even after the
heavy-duty vehicle benefits described for biodiesel are applied, the total PM emissions
from a diesel vehicle would be higher than for a gasoline vehicle. Table 3 shows
emissions of criteria pollutants from a diesel vehicle and a gasoline vehicle from two
studies done by Cadle et al. 85 The change in emissions with the use of pure biodiesel and
B20 were calculated based on the trends reported in the EPA literature review for
comparison.

Table 3: Comparison between PM emissions for diesel and gasoline vehicles. The
biodiesel benefit was calculated using the 2001 EPA trend.
Gasoline PM
Diesel PM
B20 Calculated PM B100 Calculated PM
Emissions
Emissions
Emissions
Emissions
Season
(g/mi)
(g/mi)
(g/mi)
(g/mi)
Summer
0.00282
0.811
0.714
0.428
Winter
0.00351
0.460
0.405
0.243

Several hypotheses have been presented in the literature to explain the reduction of PM
with increased biodiesel content in fuel, but a consensus has not been reached. Fuel rich
areas are thought to lead to incomplete combustion products including soot, so the
increased oxygen (and decreased carbon) content of biodiesel blends may reduce the
amount of soot formed and improve the oxidation of soot that is formed.25 Others have
credited the lower aromatic and sulfur (known particle precursors) content in biodiesel
with reducing particulate emissions.47 Biodiesel also raises the cetane number of diesel
38

fuel when added, which as noted earlier, can decrease soot formation and promote the
oxidation of soot formed.93 The change in emissions observed between engine types and
when using biodiesel are most likely due to a balance of competing factors and not one
single difference, but additional research on light-duty vehicles would help to improve
understanding of the biodiesel impact on PM emissions.

The lack of data for intermediate biodiesel mixtures (B30 to B80) should also be
addressed when looking at light-duty vehicle performance, especially for passenger cars
that are not part of a standard fleet fueling routine. If B100, B5 and B20 are all available
at service stations, it would be difficult to ensure that consumers were always using a
well studied blend. The National Renewable Energy Laboratories (NREL) published two
reports on the quality of biodiesel sold at service stations.158 In 2004, before regulations
on biodiesel labeling took effect, they found that 36% of fuel marked B20 was outside of
the B18 to B22 range, falling into the less well studied mixture range.94

Kinast and Waynick found in different studies that ‘splash’ mixing of diesel and biodiesel
often resulted in incorrect concentrations and an increase of harmful emissions.157,158
Waynick hypothesized that the increase in oxidation that occurred (during storage) when
the fuels were splash mixed could increase the polymeric gums in the fuel. Other
investigations found that fresh biodiesel has a high polarity, so the high molecular weight
products of oxidation tend to stay in solution.161 As biodiesel is oxidized (during storage,
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before combustion) the polarity increases. When this aged biodiesel is mixed with very
nonpolar diesel fuel, the high molecular weight products can precipitate out of solution.
Frame, et al. found a tenfold increase in insoluble particles in biodiesel blends when
compared to diesel fuel or B100.159 There are no controls on diesel pumps to prevent a
consumer from intentionally or unintentionally making their own mixtures at a service
station, so it is likely that diesel consumers can and will end up with middle-range
mixtures. More detailed data on the emissions of these biodiesel mixtures will improve
regulatory predictive models and help guide future regulations geared towards improving
air quality.

Another gap in the current literature is the lack of data on aerosol composition. All of the
studies included in both the EPA report and in Figure 6 report PM changes obtained from
filter-based mass measurements. Aerosol products should also be described by the
particle size distribution and chemical composition to determine the impact on the
atmosphere and human health. The percent change in a mass measurement does not
provide enough information to fully understand how biodiesel particles differ from diesel
particles and what their impact will be once emitted into the atmosphere.

An increase in particle number below 50 nm has been reported when biodiesel was added
to diesel fuel in DI engines, with higher biodiesel concentration leading to increases in
ultrafine particle number.82,43,42,19 One study used both a scanning mobility particle sizer
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(SMPS) and an electrical low-pressure impactor (ELPI) and found that the increase in the
number of particles under 40 nm with biodiesel content was observed by both
instruments.50 Tsolakis compared emissions from biodiesel and ULSD fueled vehicles
using an ELPI and found both a decrease in mean particle size and an increase in total
particle number.20 The effect of the increased viscosity of biodiesel on the electronic
control system that resulted in an increase in the injection pressure and an advance in the
injection timing was hypothesized to cause the shift in size distribution. An advance in
injection timing has been linked to a shift toward smaller particles which is sometimes
associated with a reduction in total particle mass.

Turrio-Baldassarri, et al. used analytical electron microscopy to compare size
distributions of diesel and biodiesel emissions and found that the abundance of B20
ultrafine fraction (particles with a diameter under 100 nm) was slightly higher than that of
diesel for all samples analyzed.45 Heikkil et al. found that the geometric mean diameter
(GMD) of the soot particulate emissions for biodiesel was smaller than the GMD for
diesel fueled vehicles, but the GMD and concentration of nonvolatile nucleation mode
cores measured for biodiesel emissions were substantially greater than diesel fuel.163

Several other studies indicated that there was no significant difference between particle
size distributions in biodiesel emissions when compared to diesel emissions. Bünger et al.
measured B100 and diesel emissions with both an SMPS and a Berner low-pressure
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impactor (BLPI).164 Results from the SMPS did not show any significant difference
between the particle size distributions. In contrast the BLPI measurements showed
increased particle mass in the biodiesel emissions for all diameter ranges. Lapuerta et al.
attributed these differences to the dilution ratios used because a low dilution ratio could
result in a larger nucleation mode as hydrocarbons in the emissions condensed.147

If biodiesel does cause a larger number of ultrafine and fine particles, this may have
negative implications on the ability of biodiesel to reduce the harmful effects of DPM.
Smaller particles have a longer atmospheric lifetime, more surface area per mass for
absorption of organic compounds, and a greater likelihood of being inhaled. If inhaled,
smaller particles are known to travel deeper in the lungs and increase the inflammatory
response which may lead to increased cancer and cardiovascular risk. Ultrafine particles
are also known to cause problems with after treatment systems and to have a lower
likelihood of being filtered.85,86

Considering the increase in the use of biodiesel fuel and the general belief that biodiesel
is a lower emission alternative fuel, data collected under real-world conditions that
addresses the shortcomings of existing literature is essential to understand the real impact
of a wide-spread increase the use of biodiesel in modern passenger cars. A large change
in the PM number and type in the emissions from diesel vehicles may impact air quality
on both a local and regional scale.12, 50-53 Several studies including Park, 2006 using the
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GEOS-Chem global chemical transport model (CTM) of coupled aerosol-oxidant
chemistry found that including transportation pollution causes a several fold increase in
PM when compared to background levels.49 Shine, 1999 showed that including more
detailed emission data for soot and other anthropogenic pollution alters the global mean
radiative forcing.12

This study focuses on determining LAC emission factors for light-duty diesel vehicles
operating on a range of biodiesel fuel mixtures using a novel measurement approach.
These emission factors can be used to evaluate the impact of biodiesel on local air quality
and provide a better understanding of how well regulations may meet their intended goal
of improving or protecting air quality.

1.8. Emission Factors
To determine the impact that on-road light duty diesel vehicles have on PM emissions in
urban areas, and how regulations that change available fuel mixtures in a given area will
affect the emissions from these vehicles, emission factors for the fuel mixtures need to be
developed.10, 11, 54, 55, 140, 141 Motor vehicle particulate emissions are primarily in the fine
and ultrafine fraction and will contribute to the total ambient PM2.5 in a given location.
Some vehicular direct and secondary emissions can also fall in the PM10 size fraction,
also regulated in the United States by federal air quality standards 55. Any major change
in the PM number and type in the emissions from vehicles may impact air quality on both
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a local and regional scale: an effect that can be confirmed by model studies incorporating
refined emission factors.

Until 2010, the MOBIL6 and PART5 emission models were the EPA preferred mobile
source air quality models. These models deal with direct PM2.5 emissions and do not
specifically incorporate black carbon, but rather represent it as elemental carbon. The
emission inventories also do not incorporate secondary PM formed in the atmosphere via
complex reactions between gas precursors. The ambient PM estimates are calculated
using emission factors derived from dynamometers and on-road remote sensing of
vehicle exhaust, both of which quantify tailpipe emissions for individual vehicles.
Dynamometers can measure multiple duty cycles for individual cars, but do not represent
real urban on-road conditions.65 The on-road sensing has the benefit of measuring
vehicles during normal ‘real-world’ use in a short period of time.63

While on-road sensing gives an excellent representation of the vehicle fleet in a given
area, it cannot easily differentiate between the types of fuel used in a given vehicle. The
EPA has regulated on-road diesel PM for many years but the emission estimates have not
been adjusted for regulations of ultra-low sulfur diesel or biodiesel additions.18, 104 Since
vehicle emissions are a significant portion of the anthropogenic contribution to ambient
PM2.5 it is essential to understand which portions of the emissions come from different
vehicles as well as from vehicles using various fuel types. 12, 57, 62
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This study examines the effect of changing from diesel to biodiesel fuel by determining
emission factors which can be used for local, regional and global scale models to
determine possible future impacts.
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2. Measurement of Diesel and Biodiesel Emissions

2.1 Overview
The increase in the use of biodiesel fuel and the popular notion that biodiesel is a lower
emission fuel has spurred changes in types of diesel fuel available to consumers. In order
to determine if these changes in fuel availability have the desired air quality impact,
research addressing the knowledge gaps present in existing literature on biodiesel
emissions is essential. Collecting data under ‘real-world’ conditions will assist in
determining the impact of a widespread increase in the use of biodiesel in modern
passenger cars.

The goal of this study was to develop light-duty diesel emission factors for several
mixtures of biodiesel and petroleum diesel. To accomplish this goal, the optical
properties of the emissions were measured using a CRDT/N coupled with gas phase
measurements and an SMPS for size distribution measurement. The gas phase
measurements (CO, CO2, O3, NO, and NO2) were collected to allow a more complete
understanding of the variations in emissions between the fuels and to calculate emission
factors from the optical data, as described below. All emissions were sampled under realworld conditions and data were collected in near real-time. This novel approach to
quantifying emissions addresses the shortcomings of the traditional filter methods for PM
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sampling, allowing for comparison of aerosol extensive and intensive optical properties,
particle size distributions, and gas phase measurements in a real-world setting.

2.2 Experimental Design
Multiple validations of the CRDT/N were completed and published in peer reviewed
journals.137,150 A summary of these papers is provided for reference in Appendix B. After
validation was complete, the instrumental response to various emission testing scenarios
was monitored to ensure a robust response to emissions from vehicles. Preliminary
studies were completed on B5 and B33 at the test site. The results were used to refine the
emission sampling procedure.

A range of mixtures including B20, B95 and B5 were sampled multiple times on multiple
days. A two-way analysis of variance was completed to verify that the difference between
the means of the mixtures due to the biodiesel content in the fuel was more significant
than the test date. These data were also used to determine if any changes were needed on
the sampling protocol. Once the sampling, testing, and data analysis procedures were
established, emissions were sampled from the test vehicle running on five different
mixtures; B5, B25, B50, B75 and B95.
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2.2.1 Emission Test Set-Up
To compare emission factors from diesel and biodiesel-fueled vehicles, a series of real
time emission tests were performed. The test vehicle was a light weight diesel passenger
car (4-door 2002 VW Golf GLS TDI). To represent reality, the vehicle did not undergo
any maintenance other than what was normally recommended by the owner’s manual.
The fuel filter was changed once after the initial testing with B33. The manufacturer’s
quoted vehicle specifications are given in Table 4.

Table 4: 2002 4-Door VW Golf GLS TDI Specifications.
Model
Volkswagen Golf GLS TDI (4-door)
1896 cc, 1.9L in-line four-cylinder, direct inject turbo
diesel,
Engine
2 Valves/Cylinder
Power
90 HP
Transmission
Five-speed manual
Compression Ratio 19.5:1
Bore, Stroke
79.5 mm, 95.5 mm

A vacant garage and parking area located in Portland, OR was used as the testing site.
This garage has a flat surface area which is large enough for sampling of an idling vehicle
or a vehicle moving in a constant radius. This test site was chosen because effects of road
dust PM were minimized due to regular cleaning. There was also minimal interfering
traffic. Figure 7 shows a sketch and photograph of the test site. Since fuel-based emission
factors do not depend on fuel economy data and are less sensitive to load or driving
conditions, sampling was completed while the vehicle was idling.

48

For this study design ambient conditions, rather than engine dynamometer measurements,
were required so EPA measurement procedures for ambient monitoring were consulted
and used as a guide.102 The experiment was source oriented and the sampling point was
adjacent to the source (a type F site). The experiment was operated on the micro-scale
where the distance from the point source ranges between several meters to 100 meters.
The resulting data are directly related to the emission source. Quality assurance
guidelines were followed for inlet placement according to the distance specifications
given in table 7-2 in the handbook. A modified version of this table that only includes the
species to be measured is given in Table 5.

Table 5: EPA Quality Assurance Standards for Ambient Air Monitoring
Height from
Horizontal and vertical
Pollutant
Distance from trees to
ground to
distance from supporting
probe of monitoring path
probe
structures to probe
(meters)
(meters)
(meters)
3 + 0.5; 3 –
CO
>1
>10
15
NOx
3 – 15
>1
>10
CO2
NA
NA
NA
O3
3 – 15
>1
>10
PM 10 and
>2 (all scales, horizontal
2-7 (micro)
>10 (all scales)
distance only)
2.5

Since the probes protrude from the side of the garage and not from the roof, there must be
unrestricted airflow 180° around the probe and sampler inlets. Even though the site is
located near a major roadway, the distance from the inlet location and the roadway meets
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EPA minimum separation distance. The only major variation from EPA design is for the
NOx measurements. Typically the EPA does not recommend testing for NOx on a microscale when trying to determine ambient levels. The goal was the measurement of car
exhaust in ambient conditions, so this recommendation was not followed in the final
protocol.

Figure 7: Emission testing/sampling protocol. (left side) Side view. (A) CRDT, (B)
NOX , CO and O3 , (C) Inlets and CO2, (D) Test Car (right side) View of the inlets
looking out to the parking lot. (A) Temperature Probe (B) CRDT inlet (C) CO2 Probe
(D) Nephelometer Inlet

To minimize background interference, sampling periods began after the morning rush
hour and ended six hours later before the afternoon rush hour (approximately 9:30 am to
3:30 pm).

The inlet for the CRDT had a cyclone with a 2.5 micron (nominal) cut point that was
connected to 3/8 inch OD copper tubing sample line. The nephelometer inlet was also
fitted with a cyclone that was attached to ¼ inch OD copper tubing. The NO, NO2, CO
and O3 inlet system was ¼ inch OD open Teflon tubing. The CO2 sensor and an integral
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temperature probe were attached to the inlets so it would measure the same portion of the
plume as the other instruments.
2.2.2 Fuel
To minimize uncertainties from using different brands of fuel, B5 provided by Star Oilco,
(Portland, OR) and B99 provided by SeQuential Biofuels, Inc. (Salem, OR) were mixed
on the spot to produce the test fuels. The chemical properties of the B99 as reported by
SeQuential are given in Table 6. This fuel is a fatty acid methyl ester (FAME) made from
virgin canola oil produced in western Oregon.
Table 6: Chemical and Physical Properties of SeQuential Biodiesel.108
Fuel Property
Biodiesel
Fuel Standard
ASTM 6751
Fuel composition
C12-C22 FAME
Lower Heating Value, Btu/gal
117,093
Kinetic Viscosity, @ 40°C
1.9-6.0
Specific Gravity kg/1 @ 60°F
0.88
Density, lb/gal @ 15°
7.0328
Water, ppm by wt.
0.05% max
Carbon, wt %
77
Hydrogen, wt %
12
Oxygen, by dif. Wt %
11
Sulfur, wt %
0.0-0.0024
Boiling Point, °C
182-338
Flash Point, °C
150-170
Cloud Point, °C
-3 to 12
Pour Point, °C
-15 to 10
Cetane Number
48-65
Stoichiometric Air/Fuel Ratio
13.8
BOCLE scuff, grams wt
>7,000
HFRR, microns
314
Appearance
Pale yellow liquid, slight odor.
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Table 7: Fuel Mixtures used for Diesel and Biodiesel emissions testing.
Diesel
Biodiesel
Label
95% Diesel
5% Biodiesel
B5
75% Diesel
25% Biodiesel
B25
50% Diesel
50% Biodiesel
B50
25% Diesel
75% Biodiesel
B75
<1% Diesel
>99% Biodiesel
B99

The mixtures investigated are listed in Table 7. Volumetric mixing ratios are reported.
After the fuel was introduced to the vehicle, it was driven briskly for 15 minutes before
testing.
2.2.3 Instrumentation
The gas phase measurements consisted of carbon monoxide (CO), nitrogen monoxide
(NO), nitrogen dioxide (NO2), and carbon dioxide (CO2). CO was measured using a
Thermo Environmental 47 CO Analyzer, and nitrogen monoxide and nitrogen dioxide
were measured using a Thermo Environmental 32-C NOx Analyzer. CO2 concentration
was measured with a non-dispersive infrared CO2 Gas Sensor (Vernier, CO2-BTA) that
sampled passively near the other instruments’ inlet, as mentioned above. Laboratory gas
calibrations were completed prior to testing to ensure proper instrumental response
during testing.

Visible and near IR extinction coefficients were measured using a custom-built cavity
ring-down transmissometer. The configuration of the CRDT/N allows for the
measurement of the bext in the visible and near IR simultaneously and the bscat with a ~10
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second delay. This delay is due to the response time of the nephelometer used (Radiance
Research, M903, λ530) and the flow rates through the cavity (1.974 +/- 0.009 lpm).

The laser source was the fundamental and second harmonic (1064 and 532 nm) of an
Nd:YAG laser (New Wave Research, MiniLase II, 30 Hz, 6 Amps.) The output of the
laser was passed through an adjustable aperture and steered into the cavity using several
turning prisms.

The optical cavity length was 94.5 cm and the ratio of the length of the optical cavity
length to the sample length is 1.243. The mirrors were purged with clean dry air flowing
at 0.130 lpm. The air samples were filtered by a HEPA-CAP glass microfiber filter
(Watman, 90406A) during the clean air cycles to obtain the baseline for the optical
measurements. The light transmitted through the concave highly reflective mirrors
(General Optics 1"x0.250" Plano-Concave Dual Wavelength R>99.5% at 1064 and 532
nm) was measured with a visible PMT (Hamamatsu, Inc. R955), and an amplified IR
photodiode (ThorLabs PDA255, 700 – 1800 nm) after being split by a 45 degree angle of
incidence 532 nm reflective dielectric mirror (transmissive for the 1064 nm light). The
signals were digitized and summed over 128 laser pulses with a digital oscilloscope
(Textronix TDS 224, 8-bit resolution, 100 MHz, 1Gs/s). This signal was then transferred
to a personal computer every ~4 sec for processing using custom Labview VIs.
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A TSI 3080 scanning mobility particle sizer (SMPS) system consisting of a 1 μm
impactor, a TSI 3081 Long DMA, and a TSI 3776 condensation particle counter CPC,
was used to determine the particle size distribution for each mixture. The impactor
eliminates particles with aerodynamic diameters larger than 1 μm.

2.3 Data Quality and Data Analysis
Emissions from each fuel mixture were tested on multiple dates. The total useable data
total over 3.5 hours for every mixture representing at least 20 car-on cycles. The emission
testing cycles included measurements of filtered ambient (clean), ambient, exhaust (caron), and filtered exhaust cycles, each twelve to fifteen minutes in length. During each of
the car-on cycles multiple plumes were observed. The plumes were determined by
isolating time periods when the CO2 values were at least 50 ppm over the background
levels for at least 90 seconds, and were considered valid if the measured wind direction
was toward the inlets. All measurements made when the wind direction was between 90
and 270 degrees from the inlets were omitted from analysis. Since measurements were
made on different days, the ambient pressure and temperature varied. To compare across
days, all measurements were converted to standard temperature and pressure (273 K, 760
torr) using Equation 9.

Mstp = Mamb * Tamb/273 * 760/Pamb

(9)
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where Mamb is the ambient measurement, Tamb is the ambient temperature, and Pamb is the
ambient pressure.

The conversion to standard temperature and pressure was completed using the measured
ambient temperature and the barometric pressure obtained at a nearby DEQ monitoring
station DEQSEL, located on SE Lafayette Road (average values between 10:00 AM and
3:00 PM were used). These data were downloaded from the Portland Horizons Project
website.154

After conversion, thirty second averages were calculated and data was sorted based on
one of four testing cycles, filtered ambient, ambient, car emissions, and filtered car
emissions. The filtered cycles are the particle free baseline values and allow for proper
baseline corrections for optical parameters. This is necessary to correct for any
instrumental drift over the testing cycle. The particle free cycles were plotted versus time
and a proper fit was determined. A separate baseline correction was determined for each
test mixture and for each day of testing. This baseline correction was then applied to the
extinction measurements.

Every car exhaust cycle was “sandwiched” between filtered cycles and then between
ambient cycles to allow for determination of any changes in the ambient properties,
unrelated to the car exhaust. The ambient cycles were used to ensure pollutants had
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returned to background levels between testing cycles and to assist with plume
determination. The validity of ambient measurements was confirmed by comparing the
measured ambient average from each test day to the average measurements of NO and
NO2 from the nearby DEQSEL site for the hours the emission testing was conducted. Our
average values agreed with those from the test site to within ±3.21 ppb for NO and ±4.71
ppb for NO2 for all test days.

2.4 SEM analysis
Visual differences between diesel and biodiesel emission particles were evaluated using
SEM by collecting the emissions from several biodiesel blends using SKC DPM cassettes
comprising a cellulose support pad and a 37-mm heat-treated quartz filter. (SKC, No.
225-401) These filters meet NIOSH 5040 specifications for sampling DPM. The filter
was located at the tailpipe of the idling test vehicle for 25 minutes at a flow of ~1.7
L/min. A clean blank sample was also collected under the same conditions, without the
vehicle running. All filters were stored at >32°C until analysis was performed.

To visualize particles, a small portion of the filter was trimmed and mounted on a
scanning electron microscope (SEM) post. The SEM can be used to scan samples with a
beam of electrons that interact with the atoms in the sample and produce a signal. The
signal is then detected as a high-resolution image of the sample surface. In order to
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prevent the accumulation of static electricity at the surface and artifacts in images,
samples were electrically charged by sputter coating with an ultra-thin coating of gold.

2.5 Development of Emission Factors
In order to estimate the emission factors for the measured pollutants, the CO2 balance
method described in Hobbs, 2000 and later in Lack, 2009 was used.155,141 This method
uses concurrent measurements of CO2 and the pollutant of interest in the plume to
calculate an emission factor for the pollutant. This method works because carbon dioxide
is the main carbon-containing product of fuel combustion and the increase in ambient
CO2 from vehicle emissions has been well correlated with an increase in pollutants,
including particle number.157 Values from identified plumes were included in the
emission factor calculation when the regression of the specific parameter with CO2
yielded an R2 value above 0.75. This screening omits any plumes with insufficient data or
low signal levels. By isolating measurements where the test vehicle is the only
significant CO2 source, the linear correlation between the measurement of CO2 and the
pollutant from the plume provides a slope factor. The emission factors for all optical
properties and chemical properties were calculated using analogous expressions to
Equation 10 and 11 as described in Lack et. al, 141

EF (optical) (m2/kg fuel)= babs (Mm-1)/ CO2 (ppmv) x Ffuel (m2 ppmv Mm/kg)

(10)

EF(chemical) (g/kg fuel)= NO2 (µg/m3)/CO2 (ppmv) x Ffuel (g µg ppmv/kg)

(11)
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Ffuel is a conversion factor that accounts for the fraction of fuel that is carbon and the
conversion of CO2 mixing ratio to the concentration of carbon. For this study, the
absorption coefficient, babs was determined from the difference between the extinction
and scattering coefficients measured in the vehicle exhaust. The absorption optical
emission factor was then divided by a mass absorption coefficient (MAC) of 7.5 m2/g, as
suggested by Bond et al. for fresh vehicle emissions.99 (This conversion has an estimated
± 15% uncertainty.) The resulting value is the emission factor for LAC in grams per
kilogram of fuel.

Some uncertainty arises from the carbon content in the various fuel mixtures. The
calculated percent carbon for each of the biodiesel mixes is given in Table 8. As the
percentage of biodiesel increases, the percentage of carbon decreases because biodiesel is
an oxygenated fuel. The percent carbon in the mixtures was calculated by volume percent
weighting of the average of published values for carbon content in pure diesel, 0.865, and
biodiesel, 0.795. (Thus the conversion factor Ffuel for biodiesel is different than for
petroleum diesel.)
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Table 8: Carbon content in each fuel mixture. This value was used to calculate the Ffuel
factor.
Mixture
Percent Carbon in Fuel
Uncertainty (%)
B5
0.860
1.6
B25
0.846
1.6
B50
0.827
1.8
B75
0.808
1.9
B99
0.789
2.0

Uncertainties were determined by arithmetically propagating the percentage uncertainty
in the given mixture and the percentage of carbon in the fuel from the published values
for diesel and biodiesel. The emission factors calculated can be used to evaluate the
impact of biodiesel on both human health and climate.
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3. Results
3.1 Overview

Emission factors for each fuel mixture and trial were calculated from the correlation
slopes of a selected parameter vs. CO2, as described in section 2.5 Plume periods were
identified as periods when the CO2 levels were elevated by 50 ppm or more above the
ambient background level for at least 90 seconds. An example of this data processing
protocol is shown in Appendix A, Figure A.1. Measurements of the pollutant of interest
and CO2 throughout each plume were plotted against each other and a linear correlation
was determined. If the R2 value for the correlation was above 0.75, an emission factor
was calculated.

The slopes from the linear correlations for each pollutant across all test cycles/plumes
were then compiled. Correlation plots between the measured parameters for B5 (532 nm
extinction coefficient, bext,532 nm , 530 nm scattering coefficient, bscat,530 nm ,1064 nm
extinction coefficient, bext,1064 nm, particle count, NO and NO2) and CO2 are shown in
Figures 8-13.
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Figure 8: Correlation plot between Extinction 532 nm and CO2 for all B5 plumes.
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Figure 9: Correlation plot between Scattering 530 nm and CO2 for all B5 plumes.
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Figure 10: Correlation plot between Extinction 1064 nm and CO2 for all B5 plumes.
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Figure 11: Correlation plot between Particle Count and CO2 for all B5 plumes.
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Figure 12: Correlation plot between NO µgm-3 and CO2 for all B5 plumes.
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Figure 13: Correlation plot between NO2 µgm-3 and CO2 for all B5 plumes.
In Figures 8 through 13 the correlation line between the measured parameters and carbon
dioxide mixing ratio is shown as a dashed line. The slope of the line is used to calculate
the emission factor for the given parameter. The 95% prediction interval is shown as grey
shading and the 95% confidence interval falls between the two grey lines. Correlation
plots for all of the parameters and mixtures with CO2 are provided in Appendix A for
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reference. Uncertainties in the calculated emission factors include the standard error of
the slope of the correlation as calculated using the statistical software R201, uncertainty in
fuel carbon content (± 1.6 to 2.0%) and total carbon conversion to CO2 (± 2%). It is
possible that both the linear correlation and the standard error of the slope could be
improved by increasing the correlation cut-off to 0.85. This was not done for these
results because there were not enough data for B75 plumes to increase the selectivity to
this level.

The R2 values range between 0.75 to 0.94, consistent with the observed linear
relationships between CO2 and emissions for all pollutants and fuel types. The calculated
emission factors for the parameters measured in these studies for each of the fuel
mixtures are shown in Table 9.

Table 9: Summary of the emission factors obtained from this work.
NO

NO2
(gkg-1)

Extinction
1064 nm
(m2kg-1)

Extinction
532 nm
(m2kg-1)

Scattering
530 nm
(m2kg-1)

Count
x1014
(kg-1)

(gkg-1)
B5

0.54±0.31

0.21±0.12

2.41±0.70

4.53±1.01

1.43±0.92

6.38±4.21

B25

0.6±0.34

0.23±0.21

2.45±1.01

5.33±1.12

1.81±0.62

7.25±6.81

B50

1.02±0.25

0.31±0.19

1.50±0.40

6.13±1.27

2.48±0.48

16.9±8.63

B75

0.71±0.34

0.22±0.21

1.32±1.10

5.45±1.81

2.27±0.79

7.58±7.21

B99

0.65±0.56

0.21±0.16

0.99±0.81

4.12±1.05

1.79±1.20

8.27±3.60

Figures 14 through 17 show the results from Table 9 in graphical format.
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Figure 14: Emission Factors for NO gkg-1 and NO2 gkg-1.
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Figure 15: Emission Factors for Extinction 1064 nm and Extinction 532 nm (m2kg-1)
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Figure 16: Emission Factors for Scattering 530 nm (m2kg-1)
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Figure 17: Emission factors for Particle Count (# * 1014 kg-1)

Emission factors for particle number, 532 extinction, 530 scattering, NO and NO2 were
all highest for the B50 mixture. The 1064 extinction tended to decrease with increased
biodiesel content. These trends are investigated in the following sections.
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3.2 Particle Number and Size and Extensive Optical Property Emission Factors
Scattering and extinction coefficients are extensive properties and depend on the particle
concentration. A greater number of particles, especially larger particles, will increase the
extinction and scattering. Composition is also important: fresh soot will increase
absorption while sulfate particles would only exhibit scattering. If particles are
heterogeneous, morphology can have an impact: for a soot core with a non-absorbing
organic coating for example, Bond 2006, demonstrated that absorption, and therefore
extinction, can be enhanced by up to 30-50% due a lensing effect. The scattering shell
acts like a lens, focusing more photons onto the absorbing core. 99
3.2.1 Results
For this study extinction at 532 nm and 1064 nm, particle count, and scattering at 530
were measured. The B99 mixture had the smallest emission factor for extinction at 532
nm and at 1064 nm. For the 1064 nm extinction, the trend was linear and tended to
decrease with increased biodiesel content. For the extinction at 532 nm, the trend was not
linear and the emission factor peaked at the B50 mixture. The scattering measurement
and the particle count had similar trends with the maximum extinction factor occurring at
the B50 mixture, and the smallest emission factor at B5.

The B5 mixture had the smallest emission factor for particle count, indicating that using
biodiesel can increase the overall number of particles emitted. However, the trend was
not linear or even monotonic, with the B50 mixture showing larger particle number
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emission factors than either B5 or B99. Larger particle emission factors are often linked
with engines running at higher temperatures and pressures because these combustion
conditions favor the production of higher number concentrations. Tsolakis (2006) and
Pagan (1999) found that the increase in particle number when using biodiesel was related
to the increase in fuel injection pressure due to the higher viscosity of biodiesel fuel.20,121
Tsolakis hypothesized that the increase in injection pressure optimized fuel atomization
and air-fuel mixing, creating locally supersaturated zones with enhanced particle
nucleation, leading to a higher number of smaller particles.

A review of the SPMS data collected reveals more information regarding the size of
particles emitted for each type of fuel. The SMPS was operated during the car on and car
off ambient cycles for a 90 second run time with a 15 second ramp-up between runs. The
start times for each run were compared with the time series emission data and when an
emission plume, identified by a spike in CO2, overlapped the SMPS run time, the data
was analyzed to obtain particle size distributions. This method of sampling was only
intended to provide a general size distribution for each fuel, not data for emission factor
calculations. Figures 18 to 22 and Tables 11 to 15 show number and volume size
distribution plots and a summary of size data statistics for each mixture. The cut-off
values for the instrument are shown as dashed lines in the figures. In Tables 11 through
15, the particle density was assumed to be 1 g/cm3 for the whole size distribution, which
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may be questionable for the emissions from vehicles, but allows for a comparison
between mixtures.

Diesel emissions are typically characterized by a bimodal size distribution with peaks in
the nucleation mode (<30 nm) and the Aitken or accumulation mode (>30 nm). The
majority of the mass from emitted particles comes from the accumulation mode particles
and the majority of the number concentration comes from particles in the nucleation
mode. Diesel exhaust particles are usually all found under 1000 nm. The nucleation
mode particles consist mostly of volatile condensates and contain very little solid
material. The accumulation mode particles are primarily carbon or ash solids mixed with
condensates and adsorbed material. Number distributions for diesel emissions depend
heavily on the specific vehicle tested, the testing cycle, age of the vehicle and sampling
method used. Reported values span several orders of magnitude and range from 103 to
109 particles per cm3. In this study a bimodal distribution was seen for all of the mixtures,
with the dominant mode varying based on the different fuel mixture tested.

B99
Particles with diameters under 50 nm dominated the particle number for B99. With fewer
accumulation mode particles present in the emissions the dominant pathway for emitted
vapors was most likely nucleation because the surface area available for condensation
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and adsorption was limited. Since these particles are small, they contribute relatively little
to the mass compared with particles over 100 nm as seen in Figure 18.

Figure 18: Number and Volume distributions for B99.

The total number concentration from the SMPS scan compares well to the corresponding
CPC total number concentration for the same time span for B99. The size cutoff of the
SMPS was smaller (1µm) compared to the CPC (~4µm) so the concentrations are not
expected to be exactly equal. The average number concentration from the CPC was
7,182 particles per cm3 compared with the SMPS total concentration of 5,260 particles
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per cm3. Overall B99 emissions are dominated by particles in the Aitken mode, but
nucleation mode particles (<20 nm) are present in greater quantities than for the other
mixture emissions, as shown below. A summary of the size data statistics for this
particular representative B99 plume are given in Table 10.

Table 10: Size Data Statistics for B99.

Median (nm)
Mean (nm)
Geo. Mean (nm)
Mode (nm)
Geo. St. Dev.
Total Conc.

Number
34
49.5
40.3
22.5
1.79
5.26x103
(#/cm³)

Diameter
58.9
82.4
62.9
34.6
2.07
0.260
(mm/cm³)

Surface
118.1
132.8
107.2
126.3
2.01
6.75x107
(nm²/cm³)

Volume
175.3
181.7
159.5
209.1
1.74
1.49x109
(nm³/cm³)

Mass
175.3
181.7
159.5
209.1
1.74
1.49
(µg/m³)

B75
The emissions from the B75 mixture were also dominated by particles in the Aitken
mode with some contribution of particles in the nucleation mode, but there were more
particles greater than 100 nm, which fall in the accumulation mode. The number
distribution for B75, shown in Figure 19, indicates that the peak in the Atiken range
occurs around 30 nm and the peak in the accumulation mode is around 90 nm.
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Figure 19: Number and Volume Distribution for B75 Plume.

For the SMPS measurement shown in Figure 15 the number concentration from the CPC
was 8,573 particles per cm3 and the SMPS total concentration was 5,150 particles per
cm3. This difference may have been caused by the smaller range measured by the SMPS
or differences in the residence time between emissions and measurement.
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Table 11: Size distribution statistics for B75.
Median
(nm)
Mean (nm)
Geo. Mean
(nm)
Mode (nm)
Geo. St.
Dev.
Total Conc.

Number

Diameter

Surface

Volume

Mass

59.4

94.1

134.3

171.4

171.4

70.6

107.2

145.7

181.8

181.8

55.6

88.7

127.2

164.6

164.6

22.5

76.4

135.8

241.4

241.4

1.92

1.73

2.0
5.15x10
(#/cm³)

3

0.364
(mm/cm³)

1.6
8

1.22x10
(nm²/cm³)

1.6
9

2.97x10
(nm³/cm³)

2.97
(µg/m³)

The number of particles in the accumulation mode for B75 was much larger than for B99
which could indicate a higher concentration of solid particles. The rate of adsorption and
condensation is proportional to the surface area of available particulate matter. When a
larger number of solid agglomerates are present there is a higher chance of vapors
adsorping and condensing onto existing particles. As this process occurs the saturation
ratio decreases which further decreases the likelihood of nucleation occuring. The slightly
smaller particle number emission factor for B75 when compared with B99 may be related
to the amount of solid formed during combustion.

The increased uncertainty for B75 emission factors (Table 10) may be related to the small
number of acceptable emission plumes measured. Only four plumes met the criteria
outlined for inclusion in the emission factor calculation and the correlation coefficient
between CO2 and the particle count was only 0.80, the lowest of all of the R2 values
obtained. Based on the uncertainty and the small sample size, this emission factor should

76

be investigated again to verify the value , but will be used to assist in hypothesizing the
differences between the mixtures.

B50
The number distribution of particles in B50 emissions were dominated by particles in the
upper size range of the Aitken mode and lower size range of the accumulation mode (70
to 120 nm). There were also consistently and significantly more particles when compared
with emissions from the other fuel mixtures. In contrast to the B99 and B75 emissions,
the primary peak for the B50 emissions occurred in the accumulation mode and the
secondary peak was in the Atiken mode. As noted above, a higher number of
accumulation mode particles may indicate a larger number of solid soot (in the 30-100
nm range) or ash particles (in the 30-40 nm range) being formed during combustion.
Increases in ash and soot are a signature of incomplete combustion and/or combustion of
fuel with impurities.
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Figure 20: Number and Volume Distribution for B50.

The SMPS and CPC measurement agreed fairly well for B50 emissions. The total number
concentration from the SMPS was 9,350 particles per cm3 and the CPC measured 12,239
particles per cm3 over the same time span for B50. Table 12 outlines the particle size data
for B50.
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Table 12: Size Data Statistics for B50.
Median (nm)
Mean (nm)
Geo. Mean (nm)
Mode (nm)
Geo. St. Dev.
Total Conc.

Number
57
69.3
58.5
46.1
1.77
9.35x103
(#/cm³)

Diameter
81.7
97.9
82.4
68.5
1.81
0.648
(mm/cm³)

Surface
121.4
134
115.6
174.7
1.76
1.99x108
(nm²/cm³)

Volume
163.9
171.3
153.4
174.7
1.64
4.45x109
(nm³/cm³)

Mass
163.9
171.3
153.4
174.7
1.64
4.45
(µg/m³)

B25
Particle number concentration for all size ranges were smaller for B25 emissions
compared to B50, B75 or B99 emissions, with the greatest decrease in the very small size
ranges. Similar to B50, it is likely that an increased number of larger sized solid particles
provided surfaces for the condensation and adsorption of nucleation mode particles and
vapors. Since the Aitken mode peak is small in comparison to B50 it is also likely that
there were fewer volatile condensates to begin with. The volume and number
distributions for a representative B25 plume are shown in Figure 21.
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Figure 21: Number and Volume Distribution for B25.
The CPC total concentration was 4,210 particles per cm3 and the SMPS was 4,990
particles per cm3 for the same time span. The average size of B25 particles was similar to
the other middle mixtures, larger than B99 and smaller than B5, as seen in Table 13. The
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overall particle number emission factor was lower than all other mixtures with a higher
biodiesel percentage.
Table 13: Size Data Statistics for B25.
Median
(nm)
Mean (nm)
Geo. Mean
(nm)
Mode (nm)
Geo. St.
Dev.
Total Conc.

Number

Diameter

Surface

Volume

Mass

61.5

81.4

117.3

181.5

181.5

72.7

100.9

141.6

187.7

187.7

62.4

85.1

120

165.4

165.4

57.3

73.7

98.2

310.6

310.6

1.78

1.8

1.71
4.99x10
(#/cm³)

3

0.362
(mm/cm³)

1.71
8

1.15x10
(nm²/cm³)

1.71
9

2.71x10
(nm³/cm³)

2.71
(µg/m³)

B5
A larger portion of B5 emissions are particles in the 80 nm to 150 nm size range. The
overall number of particles is smaller than for the other fuels, but the calculated mass is
larger. This is in-line with current research on the size distributions from diesel fuel.
Figure 22 shows a representative volume and number distribution for one of the B5
plumes measured.
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Figure 22: Number and Volume Distribution for B5.

Table 14 shows the size distribution statistics for the same B5 plume.
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Table 14: Size Data Statistics for B5.
Median (nm)
Mean (nm)
Geo. Mean (nm)
Mode (nm)
Geo. St. Dev.
Total Conc.

Number
86.8
98.7
78.7
101.8
1.99
3.64x103
(#/cm³)

Diameter
122.7
149.8
122.3
121.9
1.9
0.359
(mm/cm³)

Surface
175.2
227.6
183.8
174.7
1.91
1.69x108
(nm²/cm³)

Volume
274.7
346.4
282.6
763.5
1.93
6.41x109
(nm³/cm³)

Mass
274.7
346.4
282.6
763.5
1.93
6.41
(µg/m³)

A decrease in particle size was observed as the biodiesel percentage was increased. This
trend is similar to trends observed in the literature, but could use additional confirmation.
The middle mixtures have two apparent modes of particles with the small mode
becoming increasingly more significant as the biodiesel percentage increases. As the
mixtures pass through a 50/50mixture, there is an increase in both sizes, probably
indicating some interaction between the fuel mixture and the engine performance.

3.2.2 Discussion
As expected the extinction emission factors varied based on the particle number, size
distribution of particles and particle composition. However a common trend was not seen
between all of the parameters. Extinction at 1064 decreased linearly as the biodiesel
content increases while extinction at 532 had a peak at B50 and the lowest extinction at
B99 followed by B5. Scattering emission factors had a similar trend to the particle count
emission factors with B50 being the highest, B5 the lowest followed by B99. The
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different trends appear to be related to both particle composition and size. As the content
of biodiesel increases in the fuel, the organic content of the emissions is also expected to
increase. Organic compounds tend to have a wavelength dependent extinction signature,
with a higher extinction in shorter wavelength light and very little extinction in the near
IR. Additionally smaller particles tend to have lower extinctions at longer wavelengths.
The combination of more organic content and smaller particles may be responsible for
the decreasing 1064 nm extinction signature. The extinction at 532 nm seems to be more
related to total particle number and particle size than the content of the emission particles.
The mixture with the highest particle count in the accumulation size range tended to have
the highest 532 nm extinction.

The B50 mixture had the largest particle count overall and in both the accumulation and
Aitken mode . The increase in particles is associated with increasing extinction and
scattering and reflected in the results. The B50 particle number emission factor was two
times higher than all other fuels indicating that there was an increase in both the amount
of solid and vapor phase particulate emission formed. When this trend is investigated
alongside the other mixtures, B50 emissions have larger peaks in both the accumulation
and Aitken modes as seen in Figure 16. The accumulation mode peak occurs at a smaller
size than the B5 peak, indicating that the particulate has had less time to age or that the
particles formed were smaller in size than B5 particles. One possible reason for this
emission signature is that biodiesel is more polar than diesel so even when the fuels are
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well mixed, separation between the two fuels is possible. If this separation occurs on a
micro-emulsion level the fuel injected into the combustion chamber could have various
areas that are biodiesel rich and areas that are diesel rich. The biodiesel rich areas would
have higher oxygen content and tend to lead to the formation of primary hydrocarbon or
other volatiles. The diesel rich areas would tend to lead to more incomplete combustion
and higher soot formation. The mixture would typically be injected sooner than diesel
alone, giving any soot formed more time to oxidize before leaving the combustion
chamber. Additionally, mixing the two fuels with different polarities can result in
precipitation of high molecular weight oxidation products as insoluble particles which
would tend to increase ash formation.

The emissions from B99 had only a small number of larger particles compared with the
other fuel emissions tested; indicating the overall mass concentration from the B99
emissions would be lower than the other biodiesel mixtures. This is consistent with trends
observed in literature for both the particle size distribution and particle mass emissions of
pure biodiesel.

The larger particles and therefore larger calculated mass for B5 compared with the other
mixtures highlights the importance of measuring not only the total mass but also particle
size distribution and composition. Radiative forcing in the atmosphere and toxicity to
humans are linked to both particle size and composition, a mass measurement (note that
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the mass inferred using a uniform density deterministically decreases with increasing
biodiesel content) would have missed the increase in the total particle number and the
shift in the GMD to a smaller size observed here.

3.3 NOX Emissions
NOX emissions from diesel vehicles are thought to be formed by one of two proposed
mechanisms, thermal or prompt. Thermal NOX formation occurs via the
disproportionation shown in Reaction 2.

N2 +O2  2NO

(R2)

As the temperature in the engine increases, this reaction shifts to the right and rapid
cooling of the exhaust as it leaves the combustion chamber causes the gases to be
‘trapped’ in the high temperature equilibrium concentration state. The Thermal NOX
pathway is the primary contributor to NOX emissions from petroleum diesel combustion
in a diesel engine. However, when hydrocarbon radicals react with nitrogen in the
combustion chamber, nitrogen containing fragments that can react with atmospheric
nitrogen are formed via the prompt pathway. This type of NOx formation occurs in fuel
rich environments. The accepted pathway for the formation of prompt NOx is given in
Reactions 3-7.
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CH + N2  HCN + N

(R3)

CH2 + N2  HCN + NH

(R4)

N +O2 NO + O

(R5)

HCN +OH  CN + H2O

(R6)

CN + O2  NO + CO

(R7)

It has been suggested that unsaturated methyl esters can cause a higher number of
hydrocarbon radicals in the fuel rich zones of diesel spray compared to saturated methyl
esters.160 An increase in hydrocarbon radicals leads to an increase in the amount of HCN
and thus NOx formed. The fuel blends of diesel and biodiesel in the middle range may
also produce more of the fuel rich areas and thus hydrocarbon radicals, leading to more
NO formation.

Published values for NOX emissions range from 0.45gkg-1 to 15.87 gkg-1, with the higher
values being observed in exhaust from older or poorly maintained vehicles. The ranges
of emission factors found in this study are on the lower end of published values for light
duty diesel vehicles. This finding is reasonable because the test vehicle is a newer model
vehicle and has been on a regular maintenance schedule.
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All biodiesel blends had a higher NOX emission factor when compared with B5. When
the results from this study are compared with the engine dynamometer study results
described earlier, a similar trend is found for NOX, as shown in Figure 19.102 Only B5,
B25 and B95 were included in the comparison. The similarity in the trend lends
credibility to our experimental protocol. The EPA relationship, shown in Equation 12 is
also plotted in Figure 23 The EPA relationship was developed from a compilation of
emission testing completed on vehicles fueled with B0, B20 and B100.

NOx = NOxD e0.0009794 (%B)

(12)

Comparison between the EPA results and B5, B25 and B95 results from this work show a
similar relationship between percentage of biodiesel in fuel mixtures and measured NOX
emissions. This similarity indicates that the ambient sampling method used in this work is
capturing the same emission signature as the methods summarized in the EPA study.
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Figure 23: Comparison of percent change in NOX emissions with biodiesel use from
this study and literature data. Only B5, B25 and B95 were used for this comparison.

When the middle range mixtures are considered, a non-monotonic increase in the NOX
obtained with increasing biodiesel content is observed, this may be in contradiction to (or
in addition to) the assessment of the literature results provided by EPA.

This significant difference in the behavior of measured properties at “middle”
concentrations was observed for all emission tests conducted in this study, except for the
1064 nm extinction. The EPA relationship was established without a large body of
experimental data in this range. Considering fuel properties and engine function, a large
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increase in NOx for the 50/50 blend is not unreasonable. The combination of biodiesel’s
higher cetane number, which creates an earlier fuel injection, and higher oxygen
availability have been shown to contribute to higher combustion temperatures and
therefore more NO formation for fuel blends. An increase in NO formation due to
diffuse combustion is also expected in regions with oxygen-fuel ratios around the
stochiometric ratio.159 For biodiesel this ratio is ~2.81 and for diesel it is ~3.58. The
50/50 blend of biodiesel and diesel has the largest stochiometric oxygen-fuel ratio range
of all of the mixtures tested. A large aromatic content can also contribute to higher NO
formation because there are increased CH radicals. The B50 mixture contains twice the
aromatics from the diesel used compared to the B99 mixture, which may also help
explain the higher NOX values observed from the B50 mixture.

3.4 Absorption and LAC Emission Factors
To calculate the absorption emission factors, the extinction emission factor for a given
mixture was subtracted from the scattering emission factor for that pollutant. These are
shown along with the LAC emission factors in Table 15. The LAC emission factors were
calculated from the absorption emission factors using the recommended MAC conversion
factor for fresh fossil-fuel combustion aerosol of 7.5±1.2 m2g-1 at 550nm.99 This
calculation assumes that all of the absorbing material is soot. 141
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Table 15: Calculated Absorption and LAC emission factors.
Absorption
LAC
Mixture
532 nm (m2kg-1)
(gkg-1)
B5
3.10±1.37
0.41±0.47
B25
3.52±1.28
0.47±0.40
B50
3.65±1.36
0.49±0.40
B75
3.18±1.97
0.42±0.64
B99
2.33±1.59
0.31±0.70
Published emission factors for PM for diesel vehicles range between 0.25 and 10.50 gkg1

. The upper end values are from heavy duty, older or improperly running vehicles. The

values found in this study are on the low side for light duty diesel vehicles, but still
within the published range for vehicles of this type. The middle mixtures were
consistently higher than either B5 or B99.

The general trend of decreasing LAC emissions with increasing biodiesel content was not
seen in these experiments. When only the B5 and B99 LAC emission factors are
considered, there is approximately a 75% decrease in LAC emissions. This is consistent
with the EPA study. However, the relationship between biodiesel content and LAC
emissions was not found to be linear or even monotonic, as with the other properties.
The elevated emissions in the middle mixtures may be related to the increased number of
particles emitted in conjunction with less efficient combustion of the 50/50 mixture.
During the testing, the vehicle operator noted that the test vehicle was ‘running rough’
when fueled with the B50 mixture indicating that the fuel may have caused the engine to
operate less efficiently.
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A factor to consider when evaluating these results is that all absorbing particles are
assumed to be fresh soot in the LAC emission factor calculation. While fresh soot likely
makes up the majority of the B5 mixture, it is possible that the higher percentage
biodiesel fuels have emissions with either fresh soot coated with non-absorbing material
or absorbing organic carbon material called brown carbon. Soot particles coated with
non-absorbing or less absorbing material tend to have increased absorption due to the
increase in photons focused on the absorbing particle by the scattering shell material. A
number of studies have examined the influence of non-absorbing coatings on the mass
absorption coefficient of soot. Results indicate that these coatings can enhance the MAC
by 30-50 percent for particles in the Aitken size range.36 Alder et al. (2010) compared
computationally derived MAC values for diesel soot particles and coatings created by the
organic carbon from incomplete combustion.118 The findings indicate that for calculations
using the Rayliegh-Deby-Gans Theory (RDG) for soot particles in Aitken range (~25
nm), the MAC increased by 28-34% when the same particles were coated with an equal
diameter of OC. If the emissions from the higher percentage biodiesel fuel does consist of
non-absorbing organic carbon coatings, the LAC emission factors for these fuels would
be lower than what is reported here.
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3.5 Intensive Optical Properties
Using the optical emission factors calculated for extinction and scattering at 532 nm and
extinction at 1064 nm, the single scattering albedo and Ångström exponent were
calculated. Calculating these intensive properties from emission factors rather than the
base measurements helps to reduce the background interference for these parameters.

The single scattering albedo represents the relative magnitude of scattering versus
absorption for an aerosol. The single scattering albedos are given in Table 16. Fresh
diesel light absorbing carbon typically has a single scattering albedo between 0.38 and
0.50134. Higher single scattering albedos indicate that scattering is more dominant than
absorption. This could be a result of scattering decreasing or absorption increasing, and
may also indicate the presence of more non-black absorbing aerosols. A chamber study
by Schnaiter et al., 2003 showed that soot coated with organic matter had a higher single
scattering albedo than pure soot.151 All ω532 for this experiment were between 0.32 and
0.43 indicating the fresh emission particles were highly absorbing, but that scattering
became more important with biodiesel content. The B99 had the largest single scattering
albedo, indicating there may be more “white” organic material in the emissions from this
fuel.
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The Ångström exponent Å gives an indication of particle size. Values greater than two
are typically found for particles under 100 nm and Angstrom exponents less than one are
associated with particles over 500 nm.37 For this experiment, Å increased with the
content of biodiesel in the fuel. This is consistent with the formation of a larger number
of smaller particles with increased percentage of biodiesel in the fuel mixture, but diesel
PM is already quite small, so we suggest an alternative interpretation to this data.

Table 16: Calculated Ångström Exponent and Single Scattering Albedo.
Mixture
Single Scattering Albedo
Angstrom Exponent
ω532
E532/E1064
B5
0.32±0.68
0.91±0.37
B25
0.34±0.40
1.12±0.46
B50
0.40±0.28
2.03±0.34
B75
0.42±0.48
2.05±0.90
B95
0.43±0.72
2.06±0.86

Diesel particle emissions generally contain a substantial fraction of black carbon. The
extinction for these small particles is dominated by absorption, which has a weak
wavelength dependence with an Ångström exponent close to one.39 Higher Ångström
exponent values may indicate stronger absorption at shorter wavelengths, produced by a
stronger spectral dependence from non-BC organics or BC coated with a less absorbing
material.67 A 2004 filter based study by Kirchstetter et al. measured aerosol light
absorption by particles from biomass burning and motor vehicles.160 The motor vehicle
exhaust particles had Ångström exponents near one, and the biomass emissions had
Ångström exponents that were 2 or greater. When the organic component of the biomass
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emissions was removed by extraction with acetone, the spectral dependence was strongly
diminished, indicating that organic matter can increase the Ångström exponent. In this
study, the emissions from B5 and B25 mixtures have Ångström exponents close to 1,
typical for black carbon emissions. The mixtures with a larger fraction of biodiesel have
values closer to 2, indicating there may be more absorbing organic matter in the
emissions. Additionally, Gyawali et al. (2009) have demonstrated that BC cores that are
coated in scattering shells can have an AAE that deviates from the typically assumed
value of 1.162

The Ångström exponent is plotted versus the single scattering albedo in Figure 24. In this
way, the emission signature from the different mixture fuels can be compared to one
another. As the biodiesel percentage increases, both the single scattering albedo and the
Ångström exponent increase. The B5 and B25 have intensive property values closer to
typical diesel emissions, while the mixtures B50 and above have more of the signature of
black carbon mixed with absorbing organic aerosol.
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Figure 24: Angstrom Exponent vs. Single Scattering Albedo.

To further solidify the conclusion that the larger percentage of biodiesel in the fuel
mixture results in particles with increased organic content, optical properties would need
to be measuered at additional wavelengths, especially an ultraviolet wavelength where
brown carbon would be expected to absorb more strongly. The Ångström exponent is
expected to increase as the distance between the wavelengths increases for organic
absorbing material.
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3.6 SEM Results

The percentage of biodiesel in the fuel blend affected the structure of the emission
particles in the samples collected for this study. Combustion soot particles typically show
an aggregated morphology while emissions from low temperature flames or fuels
combusted under non-stochiometric conditions tend to have emissions with a higher
organic fraction resulting in liquid or bead like appearance.132, 126 In SEM images, the
organic fraction usually causes the filter fibers to appear to be swollen and the particles
appear as bumps or beads along the fibers.

Particles from a B5 sample are shown in Figure 25 (on the left). These emission particles
appear to be more fractal than the B50 particles (on the right). The B5 particles show
similar fractal like characteristics to those typically seen for fresh soot particles. The
particles from the B50 emissions appear more bead-like and are almost completely
coating the filter fibers.
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Figure 25: B5 and B50 emission particles as imaged with an SEM. These particles
were coated for 90 seconds and are shown at a 1μm scale.

Figure 26 shows SEM images from the remainder of the mixtures. Again, all of the
images are at a 1μm scale. Starting at the top and moving down the images show B25,
B75 and B99 respectively. The lower percent biodiesel particles (B25) appear to be
smaller fractal chains of individual particles. B75 and B99 have smaller particle sizes but
the fractal network look more extensive and clumped.
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Figure 26: B25, B75 and B99 emission particles as imaged with an SEM. These
particles were coated for 90 seconds and are shown at a 1μm scale.
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Overall, B50 appears the most like organic carbon emissions while B5 and B25 emissions
most resemble fresh diesel emissions.132

3.7 Conclusions
The goal of this research project was to investigate biodiesel particulate emissions based
on the number and optical property emissions with a novel instrumentation and sampling
protocol. Incorporating the CRDT with other instruments allowed for a more complete
understanding of particle composition and the various fates of particles in the atmosphere
once emitted. The CRDT instrument is sensitive to the small changes in absorption
between the different mixtures allowing for a more complete understanding of how the
emissions of the various mixtures tested differ. Additionally the CRDT can make
measurements in near real-time which allows for sampling under ambient conditions.

Based on results from this study, it is clear that combustion conditions in a given engine
vary based on the percentage of biodiesel used in the diesel fuel. The decrease in
particulate mass emissions as a function of increasing biodiesel concentration seen in
previous studies may be related to a decrease in the mean particle size, not in a reduction
in particle number emissions. The optical property emission factors indicate that the
increased biodiesel content in the fuel results in emissions that have a higher percentage
of organic matter, and it is likely that the organic matter acts as a coating on soot particles
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formed during combustion, which enhanced extinction measurements. Increased
emissions with higher extinction emission factors can contribute to a decrease in
visibility.

The light extinction caused by scattering and absorption by particles and gases is related
to visibility effects. In this study, the B50 mixture had the highest extinction emission
factor for all of the mixtures studies. The LAC emissions from B50 were also highest, but
this value may be artificially elevated by the assumption that all of the emission particles
were fresh soot. The intensive optical property emission factors indicate that the
emissions from B50, B75 and B99 have the signature of mixed aerosol, specifically fresh
soot coated in non-absorbing organic material. This finding, that B5 and B25 have more
of a soot emission signature and B50-B99 are increasingly more organic is supported by
SEM measurements. Adjusting the MAC by ~30% would reduce the LAC emission
factors from B50-B99 and B5 and B25 would then have the largest LAC emissions. Light
absorption by aerosols heats the local atmosphere because absorbed energy is reradiated
as long wave radiation or non-radiatively coupled to the air that the particles are
suspended in. Interactions with gases or aerosols that are able to absorb the long wave
radiation will result in a localized warming of the atmosphere.54

The extent that emissions from a vehicle impact climate is related to the optical properties
of the particles and to particle lifetime in the atmosphere. The longer emission particles
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are in the atmosphere, the more impact the particles will have. A large particle that is
quickly removed from the atmosphere via dry deposition will only have a localized
impact very close to the emission source. Smaller particles that are less likely to follow
an immediate deposition pathway can travel further distances and have a regional or
global impact. Typically particles grow through coagulation and condensation until they
follow a wet or dry deposition pathway.

The size ranges for diesel emissions are typically between 10 nm and 500 nm.56 For
particles in the approximate 40 nm to 300 nm size ranges one of the main removal
pathways is as cloud condensation nuclei (CCN).142 CCN are aerosol particles that
facilitate the condensation of water vapor and formation of cloud droplets at various
levels of water vapor saturation. However, the ability of a particle to act as a CCN is
related to both the size of the particle and the particle composition.138 The higher the
organic content in the particle regardless of the size, the lower the overall hygroscopicity
of the particle. In this study the B99 mixture has the smallest number concentration of
particles in the CCN range, with the majority of B99 particle numbers smaller than the
typical CCN particle. Based on the intensive optical property emission factors, B99 also
had the most organic signature. This indicates that emissions from pure biodiesel are less
likely to act as CCN than emissions from the other mixtures near the emission source.
Based on the size distributions and the intensive optical property measurements,
increasing the diesel concentration in the fuel mixture increases the likelihood for the
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emissions to form CCN particles also increases. Large numbers of particles with a high
CCN formation likelihood can increase indirect radiative forcing due to increased cloud
formation and may negatively alter the hydrologic cycle.64

The mixture with the lowest biodiesel content, B5 had the smallest particle number
emission factor for all mixtures tested. The size distribution for this plume indicated that
this mixture also had the largest mean particle diameter. These findings indicate that the
use of biodiesel and diesel fuel mixtures in diesel vehicles is likely to increase exposure
to nucleation, Aitken and accumulation mode particles under 100 nm. So, while the
overall mass emission factors may be smaller when biodiesel is mixed with diesel, the
potential for increased exposure to higher particle numbers is greater.

The mixture with the highest particle number emission factor was B50, indicating that
mixing two different fuels results in sub-optimal combustion conditions for both of the
fuels. B50 also had the highest NOX emissions and the highest extinction. This
combination of high particle numbers in all size ranges, increased extinction and
increased NOX emissions indicated that using either B5 or B99 fuel is a better option than
mixing the two fuels for this particular emission scenario.
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3.8 Recommendations for Future Research
This study has demonstrated that mass based emission studies do not adequately address
emissions from vehicles by particle number, size or general composition all of which
directly affect both human health and climate. The majority of data available regarding
biodiesel particulate emissions are from mass based particulate measurements. Mass
based emissions answer questions about the ability of a fuel to meet current regulatory
standards, but miss important information about particle size and composition needed to
understand how changing a fuel will ultimately impact human health or climate. This
study provided useful information regarding the various emission properties from
biodiesel, but it is only a starting point, and more meaningful scientific research on
biodiesel emissions are still needed.

Based on the findings presented here, it is clear that two additions to the measurements
taken would greatly enhance current information on biodiesel emissions. First, particle
size distribution measurements should be completed so that actual emission factors can
be determined for each of the size bins. The size of particles impacts how particles act in
the atmosphere and in the human body, so a more complete understanding of the
potential size distributions on various mixtures of biodiesel will allow for more accurate
modeling of health and climate impacts. Second, the addition of scattering measurements
at 1064 nm and 355 nm and an extinction measurement at 355 nm would allow for a
more robust determination of the intensive optical properties of the emissions. This will
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help in determining how emissions will influence climate and provide a general
understanding of the particle composition.
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Appendix A: Support Figures and Data
A.1 Sample of Field Data

A sample of the emission test data is given in Figure A1. The four types of test cycles can
be seen in the plot. The Condensation Particle Counter (CPC) was attached to the cavity,
so both the optical properties and the count data have clean air cycles. The gas phase
measurements were not attached, and do not have a filtered baseline.

Figure A.1 Sample of field data. The four test cycles are indicated.
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A.2 Correlation Plots for Emission Factor Determination

Correlation plots between the measured parameters for each mixture and CO2 are
provided for reference in the following section. The slope of the line is used to calculate
the emission factor for the given parameter. The 95% prediction interval is shown as grey
shading and the 95% confidence interval falls between the two grey lines. All plots are
presented by fuel mixture in the following parameter order: 532 nm extinction
coefficient, bext,532 nm , 530 nm scattering coefficient, bscat,530 nm ,1064 nm extinction
coefficient, bext,1064 nm, particle count, NO and NO2.

B5

Figure A2: Correlation plot between Extinction 532 nm and CO2 for all B5 plumes.
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Figure A3: Correlation plot between Extinction 1064 nm and CO2 for all B5 plumes.

Figure A4: Correlation plot between Scattering 530 nm and CO2 for all B5 plumes.
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Figure A5: Correlation plot between Particle Count and CO2 for all B5 plumes.

Figure A6: Correlation plot between NO µgm-3 and CO2 for all B5 plumes.
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Figure A7: Correlation plot between NO2 µgm-3 and CO2 for all B5 plumes
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B25

Figure A8: Correlation plot between Extinction 532 nm and CO2 for all B25 plumes.
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Figure A9: Correlation plot between Extinction 1064 nm and CO2 for all B25
plumes.

Figure A10: Correlation plot between Scattering 530 nm and CO2 for all B25
plumes.
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Figure A11: Correlation plot between Particle Count and CO2 for all B25 plumes.

124

Figure A12: Correlation plot between NO µgm-3 and CO2 for all B25 plumes.

Figure A13: Correlation plot between NO2 µgm-3 and CO2 for all B25 plumes
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B50

Figure A14: Correlation plot between Extinction 532 nm and CO2 for all B50
plumes.
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Figure A15: Correlation plot between Extinction 1064 nm and CO2 for all B50
plumes.

Figure A16: Correlation plot between Scattering 530 nm and CO2 for all B50
plumes.
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Figure A17: Correlation plot between Particle Count and CO2 for all B50 plumes.
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Figure A18: Correlation plot between NO µgm-3 and CO2 for all B50 plumes.

Figure A19: Correlation plot between NO2 µgm-3 and CO2 for all B50 plumes.
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B75

Figure A20: Correlation plot between Extinction 532 nm and CO2 for all B75
plumes.
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Figure A21: Correlation plot between Extinction 1064 nm and CO2 for all B75
plumes.

Figure A22: Correlation plot between Scattering 530 nm and CO2 for all B75
plumes.
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Figure A23: Correlation plot between Particle Count and CO2 for all B75 plumes.

Figure A24: Correlation plot between NO µgm-3 and CO2 for all B75 plumes.
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Figure A25: Correlation plot between NO2 µgm-3 and CO2 for all B75 plumes
B99

Figure A26: Correlation plot between Extinction 532 nm and CO2 for all B99
plumes.
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Figure A27: Correlation plot between Extinction 1064 nm and CO2 for all B99
plumes.
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Figure A28: Correlation plot between Scattering 530 nm and CO2 for all B99
plumes.

Figure A29: Correlation plot between Particle Count and CO2 for all B99 plumes.
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Figure A30: Correlation plot between NO µgm-3 and CO2 for all B99 plumes.

Figure A31: Correlation plot between NO2 µgm-3 and CO2 for all B99 plumes.
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Appendix B: CRDT/N Validation Studies
B.1 In-Lab Validation
The purpose of the in-lab validation was to demonstrate agreement between the CRDT
response to well characterized aerosols and Mie theory. The following is a summary of
the methods and results of the in-lab validation studies performed with the CRDT. This
work has been previously published.34 The in-lab validation demonstrated that the CRDT
is capable of sensitive measurements of aerosol extinction coefficients at two
wavelengths, simultaneously with scattering coefficients measured using a nephelometer.
Agreement between measured extinction and Mie Theory ranged between less than a 1%
deviation to a 12% deviation depending on the size and composition of the particles
measured.
B2.1.1Methods:
Aerosol generation:
Polystyrene spheres (Duke Scientific, Inc), NaCl (reagent grade EM Science), and
nigrosin (Aldrich) aerosols were generated by atomization of water solutions of the
substances. Deionized water was used to make the solutions and a modified concentrictube nebulizer was used to generate aerosols with clean dry N2 gas (Pacific AirGas, Inc.)
Depending on the experiment, aerosol size and concentration were adjusted by either
varying the flow through the atomizer or increasing the stock solution concentration. At
higher concentrations of stock, a larger number of large particles are present.
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After particles were atomized, they were directed into a ~28 L mixing chamber where the
aerosol concentration was diluted with filtered dry air. The aerosol flow was then directed
through a 4 micron cyclone inlet followed by a silica gel drier and either into the cavity
for polydisperse aerosols measurement or into the DMA for monodisperse aerosols.
Cavity and Flows:
A pump was used to keep a constant flow of 1.974 +/- 0.009 lpm through the cavity. This
flow was altered when using the monodisperse polystyrene spheres to accommodate the
SMPS DMA sheath flow rate. The cavity is made from copper pipe with an inlet in the
center and outlets at either end. There is a bypass for a CPC (TSI 3007) and a relative
humidity and temperature sensor (Vaisala Humitter 50 Y)

In order to compare optical measurements with Mie theory, a series of validation
experiments were performed with well characterized aerosols. These validations were
designed to be similar to the validations performed with other CRD and optical
instruments that are typically used to measure ambient aerosol optical properties. 117, 134,
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The results demonstrate that the CRDT/N used in this work agrees well with Mie

theory in laboratory studies and that the agreement is comparable to other instruments
that are used for measuring optical properties.
B2.1.2 Results
The agreement of the nephelometer’s scattering coefficient measurements with the
CRDT’s extinction coefficient measurements was evaluated using purely scattering
aerosols made from ammonium sulfate and sodium chloride. With these aerosols,
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absorption is negligible and single scattering albedo should be one. The results of these
measurements show that all of the measured single scattering albedo values are within
3% of the theoretical value of unity when taken as long time averages of the various
properties as seen in Table B.1.
Strongly absorbing pure Nigrosin dye particles were used to show that the single
scattering albedo may be precisely determined when it is significantly less than one. The
single scattering albedo of Nigrosin aerosols is expected to increase slightly with the
liquid stock concentration because higher concentrations cause the particle size
distribution to shift towards larger particles. 146 This trend is evident in Table B.1, but the
theoretical single scattering albedo values for Nigrosin could not be calculated because a
DMA was not used during these experiments and thus the particle size distribution was
not known.
Aerosols produced by atomizing mixtures of ammonium sulfate and Nigrosin were
analyzed and their single scattering albedo was calculated based on a simple external
mixing rule. For aerosol mixtures, the values for extinction, scattering and absorption are
dependent upon how the aerosol is mixed. If the particles are externally mixed – multiple
types of single species particles – then the measured values will be the concentration
weighted sum of the species individual optical coefficients. If the particles are internally
mixed – all chemical components mixed within the particle – then the measured
extinction and scattering will appear as a weighted average of the species properties.147
The single scattering albedo in our experiment should be a weighted average of the
individual components in the solution atomized, assuming equal particle production
efficiency for the various concentration combinations.146 Table B.1 shows the measured
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and theoretical values for the mixed aerosol solutions. The trend to higher single
scattering albedo with higher proportion of ammonium sulfate is evident in the table. All
of the measured values are within 3σ of their theoretical values of an externally mixed
aerosol which implies reasonable agreement between the data and the simple external
mixing theory.
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Table B.1: Comparison of Measured and Theoretical Single Scattering Albedo.
Solution

(NH4)2SO4

NaCl

Nigrosin

(NH4)2SO4:Nigrosin

Relative

Measured Standard

Theoretical

Concentration

ω0

Deviation

ω0

Low

0.99

0.01

1

High

1.01

0.007

1

Low

0.98

0.04

1

High

0.97

0.01

1

Low

0.06

0.004

--

Medium

0.07

0.004

--

High

0.08

0.004

--

Low (12.5:1)

0.90

0.01

0.92

High (12.5:1)

0.90

0.06

0.92

Low(1:12.5)

0.14

0.01

0.11

High (1:12.5)

0.10

0.006

0.11

Concentration Dependence:
Agreement between Mie theory and the measured 532 nm extinction of DMA size
selected monodisperse scattering and non-scattering polystyrene spheres with 400 nm
and 500 nm radii at varying measured number concentrations is shown in Figure B.1.
Mie calculations were made using MiePlot version 3.5.01 software provided by Philip
Laven.148 The refractive index n = 1.5982 (at 532 nm) was used for the polystyrene
spheres as suggested by the manufacturer, Duke Scientific, Inc. The recently revised
refractive index for Nigrosin n (532 nm) = 1.70 + 0.31i based on photoacoustic
absorption measurements was used for the black particles.116 The correspondence (slope
= 1.0254 ± 0.066, y-intercept = -0.8069 ± 6.5, where the stated uncertainties are twice the
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standard errors) between Mie theory and the measured values for both 400 and 500 nm
black and white particles is acceptable.

Figure B.1: Plot of the linear model of the measured particles vs. Mie theroy.

The results for both the 400 nm white and black particles showed less agreement with
Mie theory than the 500 nm particles. It is likely that this is a result of multiple particle
modes in the aerosol flow selected by the DMA. When the charge neutralizer on the
DMA produces particles with more than unit charge, the electrostatic mobility
classification can not distinguish between particles that are multiples of both the nominal
size and charge because they have the same ion mobility diameter. When particle modes
other than the selected mode are allowed through, the particle size distribution changes
and causes strong deviation from theoretical calculations based on the monodisperse
assumption. Particles with twice the diameter would have much larger optical effects.
This instrumental error has been observed in other aerosol validation studies and attempts
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to resolve the problem with additional DMAs have not been completely successful. 149
This error may have been avoided for the particles of initial diameter 500 nm or greater
because the SMPS inlet used a 1 μm particle impactor, and thus the majority of
potentially larger multiply charged particles formed from the 500 nm spheres are
removed before passing into the SMPS.

The agreement between Mie theory and the extinction measurements is compelling and
the CRDT/N system appears to be effective for measuring the extinction coefficients of
all particle types considered here. Table B.2 summarizes the linear models for each
particle type compared with Mie theory. The relative uncertainty of the cavity ring-down
(compared with Mie theory) is 6.54% for all particle types. During all validation
experiments a large amount of filtered air data was also collected. This data allows for the
estimation of the limit of detection and quantification for extinction measurements
calculated using equation 4, LoD = 4.0 Mm-1 and LoQ = 13.4 Mm-1. These values are
probably an upper bound, being significantly affected by the 400 nm PSS results, which
may be produced by DMA selection problems and not the CRDT/N.
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Table B.2: Measured vs. Modeled Linear Model Statistics.

White PSS

All
Particles

Nigrosin

Size

500nm

400nm

500nm

400nm

--

Slope

1.0001

0.8813

1.0729

1.0342

1.0254

Intercept

0.5713

-2.1048

-0.0363

4.1264

-0.8069

R2

0.9967

0.9857

0.982

0.9786

0.9553

SSreg

3463.714

2362.374

1049.553

4887.259

16436.76

RSS

11.43968

34.3365

19.21918

106.92

769.2338

Std. Error

1.69113

2.929868

2.531086

5.969924

6.537218

F-value

908.34

206.39

163.84

137.13

384.6

Pr

8.02E-05

0.000731

0.001029

0.001338

1.35E-13

Over all, the in-lab validation studies demonstrated the ability of the tandem instrument
to measure the optical extinction and scattering components due to particles.

B.2 Field Validation
Once the instrument response to well characterized aerosols was determined,
measurements of ambient aerosol were made in conjunction with the Texas Air Quality
Study 2006 (TexAQS 2006.) In order to use the ring-down instrument to detect a
correlation between observed ring-down extinction coefficients and particle mass
concentrations (μg/m3 of air) comparisons with standard mass concentration techniques
were necessary. Participation in a large collective measurement study of ambient radicals
and aerosols allowed for this comparison. Comparisons between the CRDT optical
measurements and other aerosol measurement techniques are necessary to understand
144

instrument response to various aerosol conditions. Overviews of the field study and data
comparisons between instruments are provided here. The majority of the data presented
here has been previously published.134
B.2.1 Study Overview
The Second Texas Air Quality Study (Texaqs II), an 18 month-long field campaign in
Houston Texas, in 2005 and 2006, was conducted to supply scientific and air quality
information to state regulation agencies. As part of the TexAQS II sub-study, TRAMP
(TexAQS II Radical and Aerosol Monitoring Project,) the CRDT/N was used to make
aerosol optical property measurements on the 200-foot tall Moody Tower at the
University of Houston from August 14, 2006 to September 27, 2006. The optical
property data from this well mixed site can be compared with other instrumentation to
help to characterize the signal of the CRDT.
The CRDT/N was co-located with a suite of aerosol measurement instruments at the
TexAQS Radical and Aerosol Monitoring Project (TRAMP) site on the campus of the
University of Houston (UH). The location of the instrument allows for a comparison of
the CRDT/N real-time response to ambient aerosols with the Aerodyne Quadrupole
Aerosol Mass Spectrometer (Q-AMS) measurements made by Robert Griffin and Luke
Ziemba from the University of New Hampshire (now at Rice University).

B.2.2 Texaqs 2 Instrument Comparisons
Bulk aerosol optical properties were measured for six weeks atop the 70 m high
Southwest Moody Tower on the University of Houston campus during the Texaqs 2
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study. A comprehensive list of the study participants, (including instruments deployed
and properties measured) as well as the overall study objectives are summarized in the
study overview published elsewhere. 150
For this analysis, data from the Q-AMS, SMPS and CRDT will be compared. The QAMS measures chemically speciated mass concentrations for the sulfate, organic, nitrate
and ammonium components of the sub-micron ambient aerosol. Particle size distributions
were measured with a SMPS (GRIMM Technologies Inc.), and optical extinction
measurements were obtained with the same CRDT instrument that will be used in the
diesel studies. A Teflon coated aluminum cyclone (URG Inc., model URG-2000-30EN)
was added to the CRDT/N aerosol inlet. At the CRDT flow rate of 5 lpm, this cyclone
has a nominal cut-point at an aerodynamic diameter of 4 μm. Specific operating
parameters for the Q-AMS and the SMPS are described in a special issue that
summarizes the field experiment and results. 150 A common unit is necessary to compare
across methods. Using the average particle mass concentrations calculated from CRDT,
Q-AMS and SMPS measurements also allows for comparison to PM2.5 mass
measurements made via a Tapered Element Oscillating Microbalance (TEOM) from the
Texas Commission on Environmental Quality (TCEQ) Continuous Air Monitoring
Network (CAMS).
The number concentrations and the optical measurements had to be converted to mass
for this comparison. The conversions do increase the uncertainty in the measurements,
but a general understanding of the instrument agreement is still possible. To convert 532
nm extinction measurements to predicted mass, a correlation between the measured
extinction and the average PM2.5 mass made via TEOM from nine of TCEQ CAMS
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stations located in or around Houston was used to determine an appropriate mass
extinction coefficient (MEC). A MEC of 6.3 m2 g-1 was determined to be appropriate as
seen in Figure B.2.
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Figure B.2: Determination of the MEC for the Houston Area. PM2.5 measurements
made in nine locations around the city were correlated with 532 nm extinction
measurements to obtain the relationship. A value of 6.3 m2 g-1 was found.

The correlation of the individual CAMS stations with the average was also verified,
results are in Table B.3. The correlation coefficients ranged between 0.82 and 0.95,
which indicates that the average concentration over all of the stations is a good
representation of the aerosol in the Houston Area. One station C304, located on Clinton
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Street was omitted from the average because it is located close to local sources and the
measurements appear to represent changes in these local sources and not the urban
background. The correlation between station C304 and the average of the other nine
stations was 0.75.

Table B.3: Correlation between individual CAMS stations and the average of all of
the stations. The correlation coefficients range between 0.82 to 0.95 indicating that the
average calculated from all of the stations represents a reliable estimate of the average
PM 2.5 mass in the Houston Area.
Station ID
C1
C8
C15
C35
C45
C78
C235
C309
C416

Correlation Coefficient
0.95
0.82
0.95
0.94
0.89
0.89
0.94
0.89
0.89

To convert SMPS measurements to a predicted mass concentration, a volume
concentration was determined from the number concentration in each size bin and then
this value was multiplied by a composition-weighted density varying from 1.2 g cm-3 for
pure organics to 1.8 g cm-3 for sulfates. The composition of the aerosol was based on the
composition data from the Q-AMS. To ensure that the Moody Tower site also qualifies
as a background site, the mass measurements from the Q-AMS and converted SMPS
measurements and CRDT were compared to the average CAMS data. A time series plot
of these data, averaged hourly, is presented in Figure B.4. While there are obvious times
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when the measurements do not agree, there is general agreement between all of the
measurements.
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Figure B.4: An overview of aerosol measurements from the Texaqs study.
Measurements have been converted to total mass concentration as described in the text.
Several days with well characterized aerosol were chosen for correlation comparison
across techniques. By choosing specific days the different instrument responses to
varying ambient conditions can be determined. In previous work, the data were analyzed
for temporal trends, and synoptic-weather pattern trends.151, 152 No evidence for a weekly
trend or a weekday/weekend signature was found, but longer-term changes in the
synoptic weather patterns appeared to be associated with changes in the aerosol
background. The specific change point dates were determined with Change Point
Analysis (CPA), a method used to identify changes in the long-term trends and to
quantify the uncertainty of the assignment of the border between different periods. All
changes were supported at > 90 % confidence levels in at least one observable quantity
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other than wind direction. Figure B.5 shows the Cumulative Sum plots for the four
aerosol measurements. The change points are marked by a dotted line. The Q-AMS mass
concentration and SMPS mass concentration follow the same basic trend for the whole
study. While the CRDT and CAMS measurements follow a different trend. The gray
shading indicates a period in which measurements differ because of size differences, and
the yellow shading indicates a period where all four measures correlate well.

period 1

period 2

period 3

period 4

period 5

CuSum

AMS
SMPS
CAMS
CRDT

8/25/06

8/30/06

9/4/06

9/9/06

9/14/06

9/19/06

9/24/06

Date

Figure B.5: Cumulative sum plots of the mass concentrations as calculated or
measured by four different methods during the TRAMP study period. In addition to
the changes in aerosol, changes in gas phase measurements and wind direction were
considered when defining the periods indicated here. The area shaded gray is an example
of a time span when the measurement techniques did not agree and the yellow shading is
an example of a period when the measurements agreed. Over all the AMS and SMPS
followed the same basic trend and the CRDT and CAMS data follow the same trend.
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The periods indicated were determined from wind direction and gas phase measurements
in addition to the aerosol measurements. A statistical summary of the particle and gas
phase measurements separated by the periods can be seen in Tables B.5 and B.6. This
summary was used to determine the general aerosol type for the particular period, which
is necessary when comparing instruments which are more and less effective under
different conditions. For example, the Q-AMS is known to be ineffective in measuring
refractory compounds like dust, sea salt and black carbon. During times when these
species dominate the aerosol type, the CRDT measurements should give a higher mass
than the Q-AMS.

When whole study averages are compared, AMS and optical measurements do not have
very good agreement. (R2 < 0.3) A portion of this minimal correlation can be attributed to
the instruments differing responses to the aerosol present during period one (the gray
shaded span seen in Figure A2.5.) The aerosol measured during this time period was
characterized by the influence of long range transport of Saharan dust and sea salt by
researchers aboard the R/V Ronald H. Brown (RHB) in the Gulf of Mexico; which was
part of the Texaqs 2 study. 153, 154 As expected, the covariance between the CRDT and the
Q-AMS is quite low (R2 <0.001) during this time
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Table B.5: Gas phase species statistics for each period, based on one-hour average
data.
Period
Average NO
(ppbv)
Minimum
Maximum
Average NO2
(ppbv)
Minimum
Maximum
Average NOy
(ppbv)
Minimum
Maximum
Average CO
(ppbv)
Minimum
Maximum
Average O3
(ppbv)
Minimum
Maximum
Average SO2
(ppbv)
Minimum
Maximum

1

2

3

4

5

Study

1.51
0.02
12.10

2.75
0.01
61.24

2.83
0.01
23.89

10.10
0.05
72.03

2.97
0.02
52.43

3.73
0.01
72.03

5.37
0.86
14.21

16.14
1.48
72.02

14.93
2.13
47.81

21.73
3.50
53.87

9.82
0.89
56.65

13.36
0.86
72.02

7.83
1.84
26.28

22.59
4.76
78.92

21.98
6.20
74.76

36.72
9.13
90.37

14.50
1.48
96.31

20.04
1.48
96.31

140.14
97.28
294.13

294.46
188.94
626.85

288.65
130.57
904.18

350.11
122.66
991.17

183.58
81.32
682.95

248.16
81.32
991.17

15.07
2.84
31.87

45.62
4.06
127.53

42.26
1.98
131.93

30.42
2.03
101.20

21.81
2.33
92.58

31.54
1.98
131.93

0.95
0.00
12.54

2.78
0.17
35.32

4.52
0.14
77.53

4.39
0.23
68.25

1.00
0.00
8.41

2.48
0.00
77.53
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Table B.6: Statistics for ambient aerosol optical properties and particle number
concentration for each period.
Period
Mean bext,532 (Mm-1)
Minimum
Maximum
Mean bext,1064 (Mm-1)
Minimum
Maximum
Mean bscat, 530 (Mm-1)
Minimum
Maximum
Mean PN (# cm-3)
Minimum
Maximum
Mean Q-AMS
mass (µg m-3)
Minimum
Maximum
Mean SMPS
volume (nm3 m-3)
Minimum
Maximum

1
129.9
21.3
332.8
76.2
9.9
223.6
48.2
15.6
94.5
12330
3599
45152

2
3
4
5
Study
109.5
124.9
95.8
65.0
100.8
2.6
25.8
17.2
8.4
2.6
256.0
305.6
197.0
131.5
332.8
28.0
32.6
28.8
34.7
37.7
1.0
7.3
7.6
0.1
0.1
70.5
87.5
67.1
84.9
223.6
80.0
79.9
55.0
28.5
57.8
13.7
12.8
18.8
8.5
8.5
166.7
177.5
136.7
59.0
177.5
28267 30523 32487 18176 24393
6576
7132
11094
1704
1704
100149 142304 108244 113958 142304

4.87
2.05
9.80

15.12
6.85
30.67

14.84
3.37
35.39

11.39
3.33
34.61

7.46
1.64
24.18

11.22
1.64
35.39

4398
4635
53183

11499
5264
27286

12223
2585
23318

12294
2507
30433

6071
1465
39363

9291
1465
39363

The CRDT measured high extinction and moderate scattering values during this time and
the CuSum plot indicates an upward trend in the CAMS and CRDT data. These results
are consistent with highly absorbing aerosols or large particles. The Q-AMS measured
low values for sulfates, nitrates and organics and a downward trend is indicated by the
CuSum plot. The Q-AMS was not able to detect the larger absorbing aerosol that
dominated this time span. This finding is actually expected when the aerosol size
distribution is dominated by large particles or when dust or BC are principal components
of the particles. The Q-AMS has a particle upper size limit of 1μm (the SMPS only
153

measures particles less than 800 nm in diameter) and it is not able to ionize refractory
material, while the CRDT measures optical properties from all particles < 4μm that enter
the cavity.

Comparisons between the CAMS mass concentration and the CRDT show much better
correlation (R2>0.75) for the same time span. Differences are most likely due to local
variation at the CAMS locations and the presence of particles larger than 2.5μm. Out of
the four techniques, the CRDT is the most approprate choice for measuring aersols that
were present at this time. This is because it is capable of measuring all ambient particles
including refractory particles and can be used to determine if there are absorbing aerosol
present without the need for a filter.
The correlation between all instruments is much higher when the aerosol is dominated by
small particles (< 1μm). Period 3 featured substantial ozone formation and observation of
fine-mode dominated aerosol mass and optical properties by instruments at the TRAMP
site (see Tables B.5 and B.6) and on the RHB. 150, 153, 155 In this case, it seems highly
likely that recirculation of the polluted air mass on a multi-day cycle is responsible for
the provision of this fine-mode background PM. 152

Figure B.6 shows the correlation

between the CRDT and the Q-AMS mass concentrations for the period highlighted in
yellow from Figure B.3. The ratio of the two measurements is less than 1 indicating that
the CRDT mass is greater that the AMS mass. This difference is again due to the CRDT
having the larger inlet size and the refractory component.
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Figure B.6: Correlation between CRDT and Q-AMS mass concentration for a select
time period of the TRAMP study. The CRDT appears to be consistently higher than the
Q-AMS, most likely because the CRDT measures all aerosol present while the Q-AMS
only measures the non-refractory components.

A correlation between the CAMS averaged TEOM data and the CRDT also shows a good
agreement during the same period. The R2 was >0.83 and the ratio of the measurement
was ~0.88. This difference can be attributed to either the low bias of the TEOM
measurement when there is an abundance of ultrafine or volatile aerosol, or the larger
aerosol cut point on the CRDT inlet. Despite this difference, all four instruments have
some correlation during this time period.
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Figure B.7: Correlation between the CRDT and CAMS measurements. The
correlation coefficient is 0.84 and the Slope is 0.88. The CRDT is expected to be slightly
higher than the TEOM because the inlet has a larger cut point and the CRDT is more
effective measuring ultrafine aerosol.

While PM emissions are regulated only by mass concentration, anthropogenic PM can
positively or negatively influence the radiation balance through scattering or absorption
of radiation. To determine how the aerosol will impact climate, it is important to know
both the scattering component and the absorbing component of the aerosol. During the
TRAMP study, the CRDT was able to measure total ambient aerosol as well or better
than other measurement techniques that are commercially available. The CRDT
technique provides a comparable measurement to the TEOM for the whole study and
agrees well with the Q-AMS when the aerosol is dominated by small particles. In
addition, only the CRDT has the ability to provide optical data for multiple wavelength
visible light extinction and absorption measurements.
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